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Remarks 



Reconsideration of this Application is respectfully requested. 

Upon entry of the foregoing amendment, claims 7-9, 14-16, 35 and 36 are pending 
in the application, with claim 7 being the sole independent claim. New claims 35 and 36 are 
sought to be added. These changes are believed to introduce no new matter, and their entry 
is respectfully requested. 

Based on the above amendment and the following remarks, Applicants respectfully 
request that the Examiner reconsider all outstanding objections and rejections and that they 
be withdrawn. 

I Support for Amendments 
A. In the Specification 

Applicants have added to the specification a paragraph captioned "Cross Reference 
to Related Applications." Support for this paragraph can be found, inter alia, in the 
application data sheet that was included with the originally filed application papers. 



B. In the Claims 

Support for the amendment to claim 1 and new claim 36 can be found, inter alia, in 
the specification at page 18, line 15, through page 19, line 2; at page 20, line 26, through 
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page 21, line 2; and at page 21, lines 7-20. Support for new claim 35 can be found, inter 
alia, in the specification at page 13, lines 7-11. 

IL Claim Objections 

The Examiner has objected to claims 7, 8 and 1 5 based on the recitation of "Seq. ID 
No. 1 " in these claims. Applicants have amended claims 7, 8 and 1 5, replacing "Seq. ID No. 
1" with "SEQ ID NO:l." Therefore, the Examiner's objection is fully accommodated and 
should be withdrawn. 

III. Claim Rejections Under 35 USC § 112, First Paragraph 
A. Written Description 

The Examiner has rejected claims 7, 9, 14 and 16 under 35 USC § 112, first 
paragraph, as allegedly containing subject matter which was not described in the 
specification in such a way as to reasonably convey to one skilled in the relevant art that 
Applicants had possession of the claimed invention at the time the application was filed. See 
Paper No. 12, pages 2-3. Applicants respectfully traverse this rejection. 

There are two distinct bases that the Examiner has set forth in support of the written 
description rejection. First, the Examiner asserted that the specification does not provide 
sufficient written description for a DNA molecule that is at least 40% homologous to SEQ 
ID NO: 1 . See Paper No. 12, pages 3-4. Second, the Examiner asserted that the specification 
does not provide sufficient written description for any transgenic animal comprising a DNA 
molecule that is at least 40% homologous to SEQ ID NO: 1 and its corresponding phenotype. 
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See Paper No. 12, pages 4-6. Both of these bases for the rejection are addressed in turn 
below. 

7. A DNA Molecule Which is At Least 40% Homologous to 
SEQ ID NO :1 

The Examiner acknowledged that the specification provides sufficient description 
of SEQ ID NO: 1 ; however, according to the Examiner, "the as-filed specification does not 
provide an adequate written description of a representative number of species of nucleotides 
sequences comprising a DNA molecule with at least 40% homology with SEQ ID NO: 1 
See Paper No. 12, page 3. Although Applicants respectfully disagree with this assessment, 
Applicants, for purposes of expediting prosecution, have amended claim 7. Claim 7, as 
currently presented, is directed to a transgenic non-human animal, all of whose germ and 
somatic cells comprise the DNA molecule of SEQ ID NO: 1 or a DNA molecule which is 
at least 90% homologous thereto, wherein said DNA molecule is expressed in one or more 
cells of said transgenic animal, and wherein said DNA molecule codes for a protein that has 
an activity of AD7c-NTP when expressed in neuronal cells. 

Applicants submit that the DNA molecules that are used with and included within 
the presently claimed invention are described in the specification in sufficient detail such 
that one skilled in the art would reasonably conclude that Applicants had possession of the 
claimed invention as of the effective filing date. See Vas-Cath, Inc. v. Mahurkar, 935 F.2d 
1555, 1560, 19USPQ2d 1111, 1117 (Fed. Cir. 1991). 

In support of the first basis of the written description rejection, the Examiner noted 
that "the description of the primary sequence of amino acid residues in which the positions 
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of the amino acid residues are particularly arranged is essential for the biological function 

of the protein encoded by the sequence." See Paper No. 12, page 3. Although the primary 

sequence of a protein is important for its biological function, the written description 

requirement may nonetheless be satisfied for a genus of DNA molecules that are at least 

90% homologous to a disclosed nucleotide sequence. This proposition is specifically 

supported by the USPTO's Synopsis of Application of Written Description Guidelines 

(hereinafter "Written Description Synopsis"). 

Example 14 1 of the Written Description Synopsis involves an analysis of the 

following claim: "A protein having SEQ ID NO:3 and variants thereof that are at least 95% 

identical to SEQ ID NO: 3 and catalyze the reaction of A-*B." The specification supporting 

this claim provides the following information: 

The specification exemplifies a protein isolated from liver 
that catalyzes the reaction of A— ►B . The isolated protein was 
sequenced and was determined to have the sequence as set 
forth in SEQ ID NO:3. The specification also contemplates 
but does not exemplify variants of the protein wherein the 
variant can have any or all of the following: substitutions, 
deletions, insertions and additions. The specification 
indicates that procedures for making proteins with 
substitutions, deletions, insertions and additions is routine in 
the art and provides an assay for detecting the catalytic 
activity of the protein. 



'Applicants note that Example 14 of the Written Description Synopsis involves an 
analysis of a claim directed to a protein molecule, whereas Applicants' claims are directed to 
transgenic animals and screening methods using transgenic animals. Nevertheless, the 
present claims include or involve the use of the DNA molecule of SEQ ID NO:l or a DNA 
molecule which is at least 90% homologous thereto. In addition, the Examiner's first basis 
for the written description rejection is that "the as-filed specification does not provide an 
adequate written description of a representative number of species of nucleotides sequences 
comprising a DNA molecule with at least 40% homology with SEQ ID NO: 1 ." Thus, the 
guidance provided by Example 14 of the Written Description Synopsis is directly relevant to 
the issue of whether sufficient written description is provided for Applicants' claims. 
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Written Description Synopsis, Example 14. 

The Written Description Synopsis, Example 14, concludes that the disclosure meets 

the requirements of 35 USC § 1 12, first paragraph, in part because "procedures for making 

variants of SEQ ID NO:3 which have 95% identity to SEQ ID NO:3 and retain its activity 

are conventional in the art." See id. Moreover, it is noted that: 

[t]he single species disclosed is representative of the genus 
because all members have at least 95% structural identity 
with the reference compound and because of the presence of 
an assay which applicant provided for identifying all of the 
at least 95% identical variants of SEQ ID NO:3 which are 
capable of the specified activity. One of skill in the art would 
conclude that applicant was in possession of the necessary 
common attributes possessed by the members of the genus. 

Written Description Synopsis, Example 14. 

The situation presented in Example 14 of the Written Description Synopsis closely 
parallels the circumstances surrounding the DNA molecules that are used with, or are found 
within, Applicants' present claims, and the written description provided therefor. As such, 
Applicants submit that the guidance and instructions provided by the USPTO for analyzing 
a claim for compliance with the written description requirement strongly supports 
Applicants' assertion that the written description requirement of § 112, first paragraph, is 
satisfied for Applicants' claims. 

First, in Example 14, it is stated that "all variants [encompassed by the claim] must 
possess the specified catalytic activity and must have at least 95% identity to the SEQ ID 
NO: 3." Similarly, all of the species of DNA construct used with, or found within, 
Applicants' currently presented claims must have at least 90% homology to SEQ ID NO: 1 
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and must code for a protein having an activity of AD7c-NTP when expressed in neuronal 
cells. 

Second, it is noted in Example 14 that "[t]here is a single species disclosed, that 
species being SEQ ID NO:3;" and that "[t]here is actual reduction to practice of the single 
disclosed species." Likewise, Applicants have disclosed SEQ ID NO: 1 in the specification 
and have shown actual reduction to practice of SEQ ID NO: 1 . See specification at page 33, 
line 9, through page 35, line 28 (describing the isolation of the AD7c-NTP cDNA and the 
characteristics of the molecule); see also Fig. 1 . 

Third, according to Example 14, "procedures for making variants of SEQ ID NO:3 
which have 95»/o identity to SEQ ID NO:3 and retain its activity are conventional in the art." 
Likewise, procedures for making DNA molecules which are at least 90% homologous to 
SEQ ID NO:l and which encode proteins that retain the activity of AD7c-NTP are 
conventional in the art. As stated in the specification, DNA molecules which are at least 
90% homologous to SEQ ID NO:l may be isolated from cDNA libraries of humans and 
animals by hybridization under stringent conditions to the DNA molecule of SEQ ID NO: 1 
according to methods known to those of skill in the art. See specification at page 19, lines 
3-15. Applicants note that many other methods for obtaining DNA molecules that are 
included within the presently claimed invention were well known to persons having ordinary 
skill in the art at the time of the invention; examples include random and directed 
mutagenesis of a DNA molecule to produce a variant of SEQ ID NO: 1 that is at least 90% 
homologous thereto. In addition, proteins encoded by variants of SEQ ID NO: 1 can easily 
be tested for AD7c-NTP activity using the procedures described in the specification {see 
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discussion immediately below) as well as with other methods that are conventional in the 
art for testing the biological activity of a protein. 

Fourth, in Example 14 of the Written Description Guidelines, it is stated that "an 
assay is described [in the specification] which will identify other proteins having the claimed 
catalytic activity. " Correspondingly, in Applicants' specification, assays are described which 
will identify other DNA molecules encoding proteins having an activity of AD7c-NTP. For 
example, the specification describes the production of transgenic animals which over- 
express AD7c-NTP and the analysis of such animals for "evidence of neuronal or neuritic 
abnormalities associated with Alzheimer's disease, neuroectodermal tumors, malignant 
astrocytomas and gliblastomas. » See specification at page 20, lines 1 -29. (The ability of one 
skilled in the art to produce transgenic animals is described in more detail below). The 
specification also describes an in vitro assay for AD7c-NTP activity involving the over- 
expression of AD7c-NTP in neuronal cells and the analysis of such cells for growth 
properties and morphology, including the occurrence of apoptosis and neuritic sprouting. 
See specification at page 45, line 16, through page 46, line 26. 

As demonstrated above, the hypothetical situation described in Example 14 of the 
USPTO's Written Description Synopsis is very similar to the situation presented for the 
DNA molecules used with, or found within the subject matter encompassed by Applicants 1 
currently-presented claims. Since the USPTO guidelines conclude that adequate written 
description is provided for the hypothetical claim in Example 14, it follows that there is 
adequate written description for the DNA molecules used with, or found within, Applicants' 
currently-presented claims. 




-12- de la MONTE et al. 

Appl. No. 09/964,678 

Applicants' contention that the written description requirement is satisfied for DNA 
molecules which are at least 90% homologous to SEQ ID NO:l is supported, not only by 
the USPTO's Written Description Synopsis, but also by the Federal Circuit's interpretation 
and application of 35 USC § 112, first paragraph. See, e.g., Regents of the University of 
California v. Eli Lilly, 1 1 9 F.3d 1 559, 43 USPQ2d 1 398 (Fed. Cir. 1 997). According to the 
Federal Circuit, the disclosure of a patent must allow one skilled in the art to visualize or 
recognize the identity of the subject matter of the claim. See id. at 1568, 43 USPQ2d at 
1406. Applicants have provided in the specification a detailed analysis of the sequence 
characteristics of the AD7c-NTP cDNA and of the corresponding translated amino acid 
sequence. See specification at page 34, line 6, through page 35, line 28. Applicants have 
also described various activities possessed by proteins encoded by AD7c-NTP and methods 
for assaying such activities. See, e.g., specification at page 46, lines 4-26. Moreover, 
methods for making DNA molecules that are 90% homologous to a reference DNA 
molecule are common in the field of molecular biology and are also described in the 
specification. See, e.g., specification at page 19, lines 3-15. In view of these factors, a 
skilled artisan would be able to clearly visualize and recognize the DNA molecules that are 
used with, or found within the subject matter encompassed by Applicants' currently- 
presented claims. 

2. A Transgenic Animal Comprising A DNA Molecule Which is At 
Least 40% Homologous to SEQ ID NO:l and Its Corresponding 
Phenotype 

The Examiner's second basis for the written description rejection is the contention 
that "the specification does not provide sufficient description of any transgenic animal 
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comprising a sequence with at least 40% homology to SEQ ID NO: 1 and its corresponding 

phenotype." See Paper No. 12, page 4. The Examiner further stated: 

Claiming unspecified transgenic animals comprising a 
nucleotide sequence with at least 40% homology to the 
nucleotide sequence set forth in SEQ ID NO:l that must 
possess the biological properties as contemplated by 
applicant's disclosure without defining what means will do so 
is not in compliance with the written description requirement. 
. . . The skilled artisan cannot envision the detailed structure 
of a genus of transgenic animals comprising a nucleotide 
sequence which is at least 40% homologous] to SEQ ID 
NO:l or any phenotype that must exhibit the contemplated 
biological functions, and therefore, conception is not 
achieved until reduction to practice has occurred, regardless 
of the complexity or simplicity of the structures and/or 
methods disclosed in the as-filed specification. 

Paper No. 12, page 5. 

Applicants respectfully traverse this basis of rejection. Nevertheless, solely to 
expedite prosecution, claim 7 has been amended to recite "a DNA molecule which is at least 
90% homologous thereto," rather than "a DNA molecule which is at least 40% homologous 
thereto." Accordingly, this basis of rejection, insofar as it relates to the inclusion in the 
claims of DNA molecules that are at least 40% homologous to SEQ ID NO:l, is moot. 

With respect to the Examiner's statements relating to the ability of a skilled artisan 
to envision "any phenotype that must exhibit the contemplated biological functions," 
Applicants note that the claims do not specify any particular phenotype that the transgenic 
animals of the invention must possess. Moreover, claim 7 has been amended to make 
explicit the implicit requirement that the DNA molecule of SEQ ID NO:l, or a DNA 
molecule that is at least 90% homologous thereto, is expressed in one or more cells of the 
transgenic animal. As discussed elsewhere in this Reply, the transgenic animals of the 
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invention are useful for, among other things, screening for drugs that can be useful for the 
treatment or prevention of Alzheimer's disease, neuroectodermal tumors, malignant 
astrocytomas, and glioblastomas. See specification at page 21, lines 3-6. It would be 
appreciated by one of ordinary skill in the art that transgenic animals of the invention 
- whose cells express the DNA molecule of SEQ ID NO:l or a DNA molecule that is at 
least 90% homologous thereto ~ would be useful in the contemplated screening methods of 
the invention regardless of whether such animals display any obvious phenotype; such 
transgenic animals can, for example, be used to screen for drugs that suppress or prevent the 
expression of the protein coded by the DNA molecule, or to screen for drugs that cause 
increased degradation of the protein. See specification at page 21, lines 11-13. Thus, in 
terms of satisfying the written description requirement of 35 USC § 1 12, first paragraph, it 
is not necessary that a skilled artisan be able to envision any particular phenotype that the 
claimed transgenic animals may or may not possess. 



Applicants have conveyed with reasonable clarity to those skilled in the art that, as 
of the effective filing date, they were in possession of the presently-claimed transgenic 
animals and methods of screening which involve the use of such transgenic animals. 
Therefore, under Vas-Cath, 935 F.2d at 1560, 19 USPQ2d at 1 1 17, Applicants have fully 
satisfied the written description requirement of 35 USC § 1 12, first paragraph. Applicants 
respectfully request that the rejection of claims 7, 9, 1 4 and 1 6 under § 1 1 2, first paragraph, 
for lack of adequate written description, be reconsidered and withdrawn. 



3. 



Summary 
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B. Enablement 

The Examiner has rejected claims 7-9 and 14-16 under 35 USC § 112, first 
paragraph, as allegedly containing subject matter which was not described in the 
specification in such a way as to enable one skilled in the art to which it pertains, or with 
which it is most nearly connected, to make and/or use the invention. See Paper No. 12, page 
6. Applicants respectfully traverse the rejection. 

There are three distinct bases that the Examiner has set forth in support of the 
rejection for lack of enablement. The first basis is directly related to the Examiner's 
rejection for alleged insufficient written description. See Paper No. 12, page 6. The second 
basis relates to the enablement provided for making and/or using DNA molecules that are 
at least 40% homologous to SEQ ID NO: 1 . See Paper No. 12, pages 6-8. The third basis 
relates to the enablement provided for making and/or using transgenic animals expressing 
a nucleotide sequence encoding SEQ ID NO:l or a DNA molecule that is at least 40% 
homologous thereto. See Paper No. 12, pages 8-13. Each of these bases for the rejection is 
addressed in turn below. 



1. Written Description of the Claimed Invention 

The first basis for the enablement rejection is the Examiner's position that the 
specification does not provide adequate written description of the claimed invention. In 
particular, the Examiner stated: 

since the claimed invention is not supported by a sufficient 
written description (for possession of a genus of a transgenic 
animal comprising a nucleotide sequence comprising a DNA 
molecule which is at least 40% homologous to SEQ ID NO: 1 
and its corresponding phenotype), particularly in view of the 
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reasons set forth above, one skilled in the art would not have 
known how to use and make the claimed invention so that it 
would operate as intended, e.g. for use in a method for testing 
potential Alzheimer's Disease drugs. 



See Paper No. 12, page 6. 

As discussed above, the specification provides adequate written description for the 
subject matter encompassed by Applicants' currently presented claims. A person of ordinary 
skill in the art, based on the specification, would appreciate that Applicants' were in 
possession of the claimed subject matter. Therefore, the first basis for the enablement 
rejection has been fully addressed by Applicants' comments presented above. 



The second basis for the enablement rejection is the Examiner's contention that "the 
as-filed specification does not provide sufficient guidance for one skilled in the art to make 
and/or use any DNA molecule which is at least 40% homologous to SEQ ID NO:l." See 
Paper No. 12, page 6. 

Applicants respectfully disagree with the Examiner's assertion that DNA molecules 
that are 40% homologous to SEQ ID NO:l are not enabled by the present specification. 
Nevertheless, solely to expedite prosecution, Applicants have replaced the expression "40% 
homologous" with "90% homologous" in claim 7. Thus, the Examiner's comments, insofar 
as they are directed to DNA molecules that are 40% homologous to SEQ ID NO: 1 , are moot. 

The Examiner, in explaining this basis for rejection, has focused on the asserted 
"unpredictability of the relationship between [amino acid] sequences and [protein] function." 
See Paper No. 12, page 7. More specifically, the Examiner stated that: 



2. 



Enablement Provided for the DNA Molecules That are Included 
Within the Transgenic Animals of the Invention 
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the as-filed specification does not provide sufficient guidance 
for how one skilled in the art would be enabled to reasonably 
correlate SEQ ID NO:l to a nucleic acid which is at least 
40% homologous to SEQ ID NO:l, since at the time the 
application was filed, predicting any protein tertiary structure 
based on a protein structure was considered to be 
unpredictable due to significant problems in several areas. 

Paper No. 1 2, pages 6-7. To support this position, the Examiner cited an excerpt from Chiu 

et aL, "Folding and Design," Vol. 3 (1998), describing the difficulties associated with 

predicting the three-dimensional conformation of a correctly folded protein. See Paper No. 

12, page 7. 

The relationship between the sequence of a protein and its biological function may 
in fact be complex, and it may be difficult to predict the exact functional consequences of 
a particular mutation. However, a skilled artisan would not need to be able to predict the 
structural and/or functional consequences of particular mutations or base changes in order 
to produce DNA molecules that are 90% homologous to SEQ ID NO:l and that code for 
proteins having an activity of AD7c-NTP. To make the DNA molecules that are included 
within the transgenic animals of the present invention, the skilled artisan would only need 
to be able to: (a) obtain DNA molecules that are at least 90% homologous to SEQ ID NO: 1 , 
and (b) test them for the ability to encode proteins that possess AD7c-NTP activity. As 
discussed immediately below, both of these processes would be routine in the art. 

A person of ordinary skill in the art would be able to generate a DNA molecule 
which is at least 90% homologous to SEQ ID NO: 1 using methods that are routine in the art. 
The specification provides exemplary methods for obtaining DNA molecules which are at 
least 90% homologous to SEQ ID NO:l; such methods involve the isolation of DNA 
molecules from cDNA libraries by hybridization under stringent conditions to the DNA 
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molecule of SEQ ID NO: 1 . See specification at page 19, lines 3-15. Additional methods for 
obtaining DNA molecules for use with the claimed invention {i.e. , DNA molecules that are 
at least 90% homologous to SEQ ID NO:l), include the use of directed and random 
mutagenesis techniques; such methods were well known to those of ordinary skill in the art 
at the time of the invention. 

Once obtained, DNA molecules that are at least 90% homologous to SEQ ID NO: 1 
can easily be tested for the ability to encode a protein having an activity of AD7c-NTP. The 
specification describes various methods for assaying for AD7c-NTP activity. For example, 
transgenic animals can be made that over-express AD7c-NTP, and, once obtained, the 
transgenic animals may be analyzed for evidence of neuronal or neuritic abnormalities 
associated with Alzheimer's disease, neuroectodermal tumors, malignant astrocytomas and 
glioblastomas. See specification at page 20, lines 1 -29. (The ability of a person of ordinary 
skill in the art to produce transgenic animals whose germ and somatic cells comprise the 
DNA molecule of SEQ ID NO: 1 or a DNA molecule which is at least 90% homologous 
thereto is discussed in more detail below). Additionally, in vitro methods can be used to 
test for AD7c-NTP activity. For example, the specification describes an assay involving the 
overexpression of AD7c-NTP in neuronal cells and the subsequent analysis for cellular 
characteristics of Alzheimer's disease, including apoptosis and neuritic sprouting. See 
specification at page 46, lines 4-26. Thus, the full range of DNA molecules that are included 
within the transgenic animals of the invention can be easily made and analyzed by persons 
of ordinary skill in the art using only routine methods and experimentation. 

Of course, it is possible that DNA molecule that are at least 90% homologous to SEQ 
ID NO: 1 but that do not encode proteins with AD7c-NTP activity may be identified by the 
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methods described above. The skilled artisan, however, would be able to easily identify and 
discard such non-active molecules. Screening for molecules that possess a particular activity 
is common in the biological arts. Experimentation, even complex experimentation, is not 
undue if the art typically engages in such experimentation. See In re Certain Limited-Charge 
Cell Culture Microcarriers, 221 USPQ 1 165, 1 174 (Int'l Trade Comm'n 1983), affd. sub 
nom., Massachusetts Institute of Technology v. A.B. Fortia, 774 F.2d 1 104, 227 USPQ 428 
(Fed. Cir. 1985); see also Wands, 858 F.2d at 737, 8 USPQ2d at 1404. 

Thus, any uncertainty that is associated with predicting protein function from 
sequence data is of little relevance in an analysis of the enablement of Applicants' claims. 
A skilled artisan would be expected to engage in screening for DNA molecules that are at 
least 90% homologous to SEQ ID NO: 1 and that encode proteins having AD7c-NTP activity 
when expressed in neuronal cells. Such screening, even if it resulted in the identification of 
molecule not having the desired activity, would be considered routine in the art. 

The Examiner has cited Altieri et ah, U.S. Patent No. 6,245,523, and Frangiskakis 
et ah, Cell 86:59-69 (1996), as allegedly disclosing nucleotide sequences that are 74.9% and 
40.8% homologous to SEQ ID NO:l, respectively. See Paper No. 12, pages 7-8. The 
Examiner stated that the nucleotide sequence described in Altieri "inhibits cellular 
apoptosis," and that the nucleotide sequence described in Frangiskakis encodes a protein 
kinase. See Paper No. 12, pages 7-8. 

With respect to the nucleotide molecules disclosed in Altieri and Frangiskakis, 
Applicants first note that the present claims do not include or encompass transgenic animals 
comprising nucleotide molecules that are 74.9% or 40.8% homologous to SEQ ID NO:l. 
Moreover, if the nucleotide molecules of Altieri and Frangiskakis encode proteins that in 
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fact do not have AD7c-NTP activity (as the Examiner has asserted), then a skilled artisan 
would easily be able to ascertain that fact using the methods for assaying AD7c-NTP 
activity that are taught in the specification and that would be known to persons having 
ordinary skill in the art. Thus, the Examiner's discussion of the nucleotide molecules of 
Altieri and Frangiskakis does not provide evidence tending to cast doubt on the enablement 
of Applicants' claimed invention. 

In view of the foregoing discussion, Applicants submit that the specification fully 
enables the making and using of DNA molecules that are at least 90% homologous to SEQ 
ID NO:l and that encode proteins that have an activity of AD7c-NTP when expressed in 
neuronal cells. 

3. Enablement Provided for the Transgenic Animals That are 
Encompassed by or Used in the Practice of the Claimed Invention 

The third basis for the enablement rejection relates to the level of guidance provided 
in the specification for the production of transgenic animals. The Examiner's position is that 
"the as-filed specification does not provide sufficient guidance or factual evidence for any 
transgenic animal expressing a nucleotide sequence encoding SEQ ID NO: 1 or a DNA 
molecule, which is at least 40% homologous thereto, and any corresponding phenotype. " See 
Paper No. 12, page 9. Applicants respectfully disagree with this contention. 

Applicants first note that claim 7 has been amended to replace the expression "40% 
homologous" with "90% homologous." Thus, the third basis of rejection, insofar as it relates 
to the inclusion of DNA molecules that are 40% homologous to SEQ ID NO:l, is moot. 
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The Examiner stated that "the as-filed specification only contemplates the use of 
embryonic stem (ES) cell technology or using pro-nuclear injection for the generation of 
transgenic mammals for [use] in the claimed invention." See Paper No. 12, page 9. The 
Examiner cited page 20 of the specification to support this assertion. Applicants respectfully 
disagree. Applicants note that ES cell technology and pronuclear microinjection are only 
two exemplary methods that can be used to produce the transgenic animals of the present 
invention. For instance, the specification states that "transgenic animals may be obtained, 
for example, by injecting the DNA construct of the invention into a fertilized egg which is 
allowed to develop into an adult animal." See specification at page 20, lines 3-5 (emphasis 
added). 

It is also clear from the specification that any method known to those skilled in the 

art can be used for the production of the transgenic animals of the invention. For example, 

the specification at page 20, lines 18-19, cites, among other references, U.S. Patent No. 

5,602,299 ("Lazzarini") (incorporated by reference in the specification in its entirety and 

included herewith as Exhibit A). This reference is cited in the specification as providing 

examples of methods of preparing transgenic animals. Lazzarini states: 

Any technique known in the art may be used to introduce the 
transgene into animals to produce the founder lines of 
transgenic animals. Such techniques include, but are not 
limited to pronuclear microinjection; retrovirus mediated 
gene transfer into germ lines; gene targeting in embryonic 
stem cells; electroporation of embryos; and sperm-mediated 
gene transfer; etc. 

See U.S. Patent No. 5,602,299 at column 13, lines 2-12 (internal citations omitted). Thus 
it is incorrect to state that the specification only contemplates the use of ES cell technology 
and pronuclear injection to produce transgenic animals. 
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Moreover, an Applicant is not limited to the confines of the specification to provide 
the necessary information to enable an invention. See In re Howarth, 654 F.2d 103, 105-6, 
210 USPQ 689, 692 (CCPA 1981). An Applicant need not supply information that is well 
known in the art. See Genentech, Inc. v. Novo Nordisk, 108 F.3d 1361, 1366, 42 USPQ2d 
1001, 1005 (Fed. Cir. 1997); Howarth, 654 F.2d at 105-6, 210 USPQ at 692; see also In re 
Brebner, 455 F.2d 1402, 173 USPQ 169 (CCPA 1972) (finding a disclosure enabling 
because the procedure for making the starting material, although not disclosed, would have 
been known to one of ordinary skill in the art as evidenced by a Canadian patent). "That 
which is common and well known is as if it were written out in the patent and delineated in 
the drawings.'" Howarth, 654 F.2d at 106, 210 USPQ at 692 (quoting Webster Loom Co. 
v. Higgins et al., 105 U.S. (15 Otto.) 580, 586 (1881)). Additionally, one of ordinary skill 
in the art is deemed to know not only what is considered well known in the art but also 
where to search for any needed starting materials. Id, Thus, in order to generate the 
transgenic animals of the present invention, a person of ordinary skill in the art would have 
at his or her disposal any method of transgenic animal production that was known in the art 
at the time of the application. 

Despite the fact that multiple methods for producing transgenic animals were 
available to those skilled in the art at the time the application was filed, the Examiner, in 
explaining the enablement rejection, has focused his attention on only two exemplary 
methods: pronuclear microinjection and embryonic stem cell technology. This analysis is 
incomplete since many other methods were available to the skilled artisan. The Examiner 
has not set forth any evidence or sound scientific reasoning that would indicate that other 
methods for producing transgenic animals would require undue experimentation. Moreover, 
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the Examiner has not provided evidence that would indicate that transgenic animal 
production using pronuclear microinjection or embryonic stem cell technology would entail 
a degree of experimentation that would be regarded as undue in the context of the present 
invention. 

With respect to the technique of pronuclear microinjection, the Examiner asserted 
that "[t]he state of the art at the time [the] application was filed for producing transgenic 
animals using pro-nuclear injection was considered unpredictable as exemplified by 
Polejaeva et al. Theriogenology, Vol. 53, pages 1 17-126, 2000." See Paper No. 12, page 9. 
To support this proposition, the Examiner specifically cited Polejaeva at page 1 19. Here, 
Polejaeva begins by acknowledging that "[transgenic animals can be successfully produced 
in a number of species including mice, rabbits, pigs, sheep, cattle and goats by the injection 
of the gene of interest into the pronucleus of a zygote." See Polejaeva at page 119, second 
full paragraph (emphasis added, internal citations omitted). Thus, the first sentence of the 
cited passage of Polejaeva directly refutes the assertion that transgenic animal production 
using pronuclear microinjection would entail undue experimentation. 

Polejaeva goes on to describe the "limitations" that are associated with pronuclear 
injection. The "most profound limitation," mentioned by Polejaeva, is that DNA can only 
be added, not deleted or modified in situ. See id. Since the production of transgenic animals 
that are included within Applicants' claims only requires the addition of DNA molecules, 
this "most profound limitation" is inapplicable to Applicants' invention. 

The other two limitations of pronuclear microinjection cited by Polejaeva are (a) the 
potential for random integration of foreign DNA, and (b) the possibility of creating mosaic 
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animals. See id. In view of the potential for random integration into an animal's genome 
using pronuclear microinjection, the Examiner asserted that: 



Paper No. 12, pages 10-11. 

Aside from citing Polejaeva for the proposition that random integration and the 
production of mosaics may be a "limitation" in the practice of pronuclear microinjection to 
produce transgenic animals, the Examiner has not set forth any evidence that would suggest 
that this method would require an "undue amount of experimentation." The potential 
limitations associated with pronuclear microinjection only indicate that a certain level of 
experimentation may be needed to create transgenic animals using this technology. The 
necessity of some experimentation to practice a claimed invention does not render an 
invention non-enabled as long as the quantity of experimentation needed is not regarded as 
undue. See In re Angstadt, 537 F.2d 498, 504, 190 USPQ 214, 219 (CCPA 1976). 

There is no indication that the experimentation needed to successfully obtain 
transgenic animals using pronuclear microinjection would be regarded as undue. Indeed, 
the fact that transgenic animals can be, and have been, successfully produced using 
pronuclear microinjection indicates that the practice of this technology is not regarded as 
requiring undue experimentation. See Polejaeva at page 119, second full paragraph. In 
addition, others in the field have noted that: 



... it would take one skilled in the art an undue amount of 
experimentation to reasonably extrapolate from random 
integration to determining if a DNA sequence set forth in 
SEQ ID NO:l is inserted at the correct site and is expressed 
at a level sufficient enough to produce a phenotype in any 
transgenic non-human animal. 



Pronuclear DNA injection has enabled the scientific 
community world wide to selectively add defined genes of 
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choice into the germ line of laboratory as well as farm 
animals. Many experiments with transgenic animals 
confirmed that transgenesis can provide new insight into 
many aspects of mammalian life, development and diseases. 



See Riilicke and Hubscher, Exp. Physiol 55:589-601 (2000) at page 597, left column, first 
full paragraph. 

In addition, it appears that the Examiner has inadvertently misquoted an important 
sentence from Polejaeva. The Examiner quotes Polejaeva as stating: "Therefore, the 
production of the required phenotype coupled to germ line transmission could [require (?)] 
undue experimentation." See Paper No. 12, page 9. The actual quote is as follows: 
"Therefore, the production of the required phenotype coupled to germ line transmission 
could require the generation of several transgenic founder lines." See Polejaeva at page 119, 
second full paragraph. Far from indicating that the use of pronuclear injection involves 
"undue experimentation," Polejaeva merely notes that the "limitations" associated with this 
methodology may require that several transgenic founder lines be produced. There is 
nothing to suggest that producing multiple founder lines is of such difficulty as to satisfy the 
legal standard of "undue experimentation." 

Moreover, the final two sentences in the cited paragraph of Polejaeva indicate that 
alternative methods are available for producing transgenic animals that may avoid the 
limitations of pronuclear injection: 



Somatic cell nuclear transfer [described on page 120 of 
Polejaeva] will eliminate this problem and accelerate 
transgenic herd or flock generation. In addition, transgenic 
sheep produced using this new technology require the use of 
fewer than half the animals needed for pronuclear 
microinjection. 
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See Polejaeva at page 1 19 ? second full paragraph. Therefore, Polejaeva indicates that 
somatic cell nuclear transfer (a method that would have been available to one of ordinary 
skill in the art at the time of the application) is another method that is likely to be successful 
in the production of transgenic animals. 

The Examiner next turned his attention to ES cell technology. The Examiner 
asserted that ES cell technology "is generally limited to the mouse system." See Paper No. 
12, page 9. To support this position, the Examiner cited Rulicke and Hiibscher, Exp. 
Physiol 55:589-601 (2000) and Bishop, J.O., Reprod Nutr. Dev. 36:607-618 (1996). See 
Paper No. 1 2, page 1 0. Even if it is true that ES cell technology has only been shown to be 
effective in the production of transgenic mice, Applicants emphasize that many other 
methods for producing non-mouse transgenic animals were available to those skilled in the 
art as of the effective filing date of the application. See, e.g., U.S. Patent No. 5,602,299 
(Lazzarini), column 12, line 65, through column 13, line 15. 

The Examiner stated that "the as-filed specification fails to describe any particular 

phenotype exhibited by any contemplated transgenic animal of the invention. " See Paper No . 

12, page 1 1 . The Examiner further stated that "the claimed transgenic mammal [sic: animal] 

is not limited to the expression of the protein at a level resulting in a specific phenotype," 

but that the broadest interpretation of the claims is such that they encompass a: 

transgenic mammal [sic: animal] having cells, which harbor 
a recombinant nucleic acid that expresses the protein at a 
level sufficient to result in a specific phenotype (i.e., it is 
unknown what other purpose the transgenic mammal [sic: 
animal] would serve if the transgene (e.g. SEQ ID NO:l or 
a sequence with 40% homology thereto) is not expressed at 
a sufficient level for a resulting phenotype). 

See Paper No. 12, page 1 1 . Applicants respectfully disagree with this analysis. 
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Transgenic animals of the present invention, even if they do not exhibit a particular 
phenotype, would nonetheless be useful in drug screening applications. One manner by 
which drugs useful in the treatment or prevention of Alzheimer's disease can be identified 
is by administering candidate drugs to a transgenic animal whose germ and somatic cells 
comprise the DNA molecule of SEQ ID NO:l or a DNA molecule which is at least 90% 
homologous thereto, and identifying those drugs that cause, e.g., the suppression or 
prevention of expression of the protein encoded by the DNA molecule contained by the 
transgenic animal. See specification at page 21, line 12. Alternatively, drugs can be 
identified on the basis of their ability to increase the degradation of the protein encoded by 
the DNA molecule contained by the transgenic animal. See specification at page 2 1 , line 1 3 . 
Therefore, the only characteristic that the transgenic animals of the invention need to possess 
in order to be useful for the contemplated screening methods is that they express the DNA 
molecule of SEQ ID NO:l or a DNA molecule that is at least 90% homologous thereto. 
Accordingly, claim 7 has been amended to specify that the DNA molecule is expressed in 
one or more cell of said transgenic animal. Thus, contrary to the Examiner's assertion, it 
would be clear what purpose transgenic animals of the invention would serve even if they 
did not exhibit a phenotype caused by the DNA molecule: they would be useful for 
screening for drugs that influence transgene expression. 

Even though it is not necessary that the transgenic animals of the invention exhibit 

any particular phenotype, various phenotypes are nonetheless described in the specification. 

For example, the specification at page 20, lines 26-29 indicates that: 

Once obtained, the transgenic animals which contain the 
AD7c-NTP may be analyzed by immunohistology for 
evidence of AD7c-NTP expression as well as for evidence of 



-28- de la MONTE et al 

Appl. No. 09/964,678 

neuronal or neuritic abnormalities associated with 
Alzheimer's '-ciisease, neuroectodermal tumors, malignant 
astrocytomas tihA glioblastomas. 

In addition, in discussing the use of the transgenic animals of the invention for screening 

Applications, the specification states that drug candidates can be tested by contacting them 

|with a host (e.g., a transgenic animal) transfected'^vith a DNA construct comprising the 

molecule of SEQ ID NO:l or a DNA molecule that is at least 90% homologous 

theretov See specification at page 2 1 , lines 7-10. Drug candidates can be identified, e.g. , on 

the basis of th^ir ability to reduce the frequency of at least one of neuritic sprouting, nerve 

cell death, degenerating ^ei^o^s, neurofibrillary tangles, or irregular swollen neurites and 

axons in the host. See sp^Mc^<m0 |&ge ,2 1 , lines 14-18. Thus, according to the 

specification, the transgenic animals of the invention may (but need not necessarily) exhibit 

neuronal or neuritic abnormalities associated with Alzheimer's disease, neuroectodermal 

turnors, malignant astrocytomas and glioblastomas. More specifically, the phenotypes 

potentially exhibited by the transgenic animals of the invention, as set forth in the 

specification, include neuritic sprouting, nerve cell death, nerve cell degeneration, 

neurofibrillary tangles, and/or irregular swollen neurites. 

Applicants' claims do not require that the transgenic animals of the invention exhibit 

any particular phenotype. The Examiner, however, based much of his arguments in support 

of the enablement rejection on the assertion that producing transgenic animals with specific 

phenotypes is unpredictable. See Paper No. 12, page 12. For instance, the Examiner stated; 

[OJne skilled in the art would not be able to rely on the state 
of the art for an attempt to produce any transgenic animals. 
This is because of the art of transgenics] is not predictable 
art with respect to transgene behavior and the resulting 
phenotype. While the state of the art of transgenics is such 
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that one of skill in the art would be able to produce 
transgenic animal comprising a transgene of interest (e.g. 
SEQ ID NO: 1 or a sequence with 40% homology thereto); it 
is not predictable if the transgene would be expressed at a 
level and specificity sufficient to cause a particular 
phenotype. 

Paper No. 12, page 12. The Examiner then listed several factors that may be important in 

controlling the expression of a transgene in transgenic animals. See id. To support the 

assertion that the specific characteristics of a transgene construct are important in the context 

of producing transgenic animals, the Examiner cited Wall, R.J., Theriogenology 45:51-6% 

(1996) and Houdebine, L-M., J. Biotechnology 34:269-287 (1994). See Paper No. 12, pages 

12-13. The Examiner also noted that the expression of a transgene in one species is not 

always indicative of the level of expression of the same transgene in another species. See 

Paper No. 12, page 13. To support this assertion, the Examiner cited Mullins, L.J. and 

Mullins, J.J., J. Clin. Invest. 97:1557-1560 (1996) and Strojek, R.M. and Wagner, T.E., 

Genetic Engineering: Principles and Methods 70:221-246 (1988). In view of these 

references, the Examiner concluded: 

it would require an undue amount of experimentation to 
reasonably predict the results achieved in any transgenic 
mammal comprising a transgenic sequence set forth in SEQ 
ID NO:l or a sequence with 40% homology thereto and 
which over-expresses the protein in the transgenic animal at 
the levels of the claimed product, the consequences of that 
production, and therefore, the resulting phenotype. 

Paper No. 12, page 13. In view of the fact that the present claims do not require that the 

transgenic animals of the invention exhibit any particular phenotype, the Examiner's 



remarks, set forth above, do not support a rejection under 35 USC § 1 12, first paragraph. 
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Furthermore, Applicants respectfully disagree with the Examiner's conclusion regarding the 
ability of one skilled in the art to produce transgenic animals with a desired phenotype. 

The references cited by the Examiner, rather than demonstrating that the production 
of transgenic animals with a particular phenotype requires undue experimentation, merely 
indicate that certain technical issues should be considered in order to successfully produce 
transgenic animals exhibiting a certain phenotype. To establish a prima facie case of non- 
enablement, it is not sufficient for an Examiner to show that some experimentation may be 
required to make and use the claimed invention; the Examiner must present evidence 
indicating that undue experimentation is required. See In re Marzocchi, 439 F.2d 220, 224, 
169 USPQ 367, 370 (CCPA 1971), see also In re Wands, 858 F.2d 731, 737, 8 USPQ2d 
1400, 1404 (Fed. Cir. 1988). The references cited by the Examiner simply describe certain 
challenges in the art. None of these references suggest that such challenges are 
insurmountable or that the production of transgenic animals with certain phenotypes would 
require undue experimentation. 

In fact, the references cited by the Examiner actually support the position that 
producing transgenic animals with a particular phenotype does not involve a degree of 
experimentation that would be regarded as undue in the art. The cited references describe 
several instances in which transgenic animals exhibiting a desired phenotype were 
successfully produced. Wall, for example, summarizes the results of various researchers 
demonstrating the production of: (i) transgenic sheep with enhanced wool production 
characteristics, see Wall at page 59, third full paragraph; (ii) transgenic mice that serve as 
models for human genetic diseases (including Alzheimer's disease), see id.; and (iii) 
transgenic pigs that express a human complement inhibitor for use in xenograft 



• 
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mice and a transgenic pig that expressed the human complement inhibitor hCD59 ? the cells 
of which exhibited resistance to challenge with high-titer anti-porcine antibody and human 
complement, see Fodor, W.L. et al, Proc. Natl. Acad Sci. USA 91:1 1 153-1 1 157 (1994) 
(included herewith as Exhibit D), see especially page 11157, left column, last full paragraph; 
and (iv) the production of a transgenic pig that expressed a murine leukemia virus-rat 
somatotropin fusion gene and that produced high levels of circulating rat somatotropin and 
exhibited increased skeletal growth and reduced fat deposition, see Ebert, K.M. et al., Mol 
Endocrinol. 2:277-283 (1988) (included herewith as Exhibit E) 5 see especially paragraph 
bridging pages 280-281. 

The fact that there are numerous examples in the art of successfully produced 
transgenic animals expressing specific desired phenotypes, indicates that the production of 
such transgenic animals does not require undue experimentation. 



Applicants assert that the transgenic animals encompassed by, and used in the 
practice of the presently claimed invention, could be produced by one of ordinary skill in 
the art with only routine experimentation based on the teachings of the specification and the 
knowledge generally available in the art. Therefore, Applicants respectfully request that the 
rejection of claims 7-9 and 14-16 under 35 USC § 112, first paragraph, for lack of 
enablement, be reconsidered and withdrawn. 



4. 



Summary 
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Conclusion 



All of the stated grounds of objection and rejection have been properly traversed, 



accommodated, or rendered moot. Applicants therefore respectfully request that the 
Examiner reconsider all presently outstanding objections and rejections and that they be 
withdrawn. Applicants believe that a full and complete reply has been made to the 
outstanding Office Action and, as such, the present application is in condition for allowance. 
If the Examiner believes, for any reason, that personal communication will expedite 
prosecution of this application, the Examiner is invited to telephone the undersigned at the 
number provided. 

Prompt and favorable consideration of this Amendment and Reply is respectfully 



requested. 



Respectfully submitted, 



Sterne, Kessler, Goldstein & Fox p.l.l.c. 



Frank R. Cottingham 
Attorney for Applicants 
Registration No. 50,437 




Date: 




1 1 00 New York Avenue, N. W. 
Suite 600 

Washington, D.C. 20005-3934 
(202) 371-2600 
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Version with markings to show changes made 



In the Specification: 

At page 1, immediately after line 3 and before line 4 {i.e., between the title of the 
invention and the heading labeled "Background of the Invention") please insert the 
following caption and paragraph: 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application is a divisional of U.S. patent application No. 
09/380,203. filed April 25. 2000, which is a 371 of PCT/US98/03685. filed 
February 26. 1998 and published under PCT Article 2\(T) in English on 
September 3. 1998. which claims the benefit of the filing date of U.S. 
provisional patent application No. 60/038.908. filed February 26. 1997. 

In the Claims: 

Please substitute the following claim 7 for the pending claim 7: 

7. (Once amended) A transgenic non-human animal, all of whose germ and 
somatic cells comprise^ the DNA molecule of [Seq. ID No. 1] SEP ID NO:1 or a DNA 
molecule which is at least [40%] 90% homologous thereto , wherein said DNA molecule is 
expressed in one or m ore cells of said transgenic animal, and wherein said DNA molecule 
codes for a protein tha t has an activity of AD7c-NTP when expressed in neuronal cells . 
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Please substitute the following claim 8 for the pending claim 8: 

8. (Once amended) The transgenic non-human animal of claim 7, wherein the 
DNA molecule contained in each germ and somatic cell has [Seq. ID No. 1] SEP ID NO:l . 

Please substitute the following claim 15 for the pending claim 15: 

15. (Once amended) The method of claim 14, wherein the DNA construct 
contained by said animal has [Seq. ID No. 1] SEP ID NO:l . 

Please add claims 35 and 36. 
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[57] ABSTRACT 

The design, construction, and use of transgenic animals 
which exhibit features, including neurofibrillary tangles and 
aluminum sensitivity, is described. Hie founder transgenic 
animals of the invention are. produced by methods well 
known in the art, and utilize DNA sequences designed to 
express all or any part of the human neurofilament subunit 
genes, NF L, NF-M, NF-H, in a neural-enriched manner. 
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Summary 

Humans who have inherited the human class I major 
histocompatibility allele HLA-B27 have a markedly in- 
creased risk of developing the multi-organ system dis- 
eases termed spondyloarthropathies. To investigate 
the role of B27 in these disorders, we introduced the 
B27 and human ^-microglobulin genes into rats, a 
species known to be quite susceptible to experimen- 
tally induced inflammatory disease. Rats from one 
transgenic line spontaneously developed inflamma- 
tory disease involving the gastrointestinal tract, pe- 
ripheral and vertebral joints, male genital tract, skin, 
nails, and heart. This pattern of organ system involve- 
i ment showed a striking resemblance to the B27-asso- 
ciated human disorders. These results establish that 
B27 plays a central role in the pathogenesis of the 
multi-organ system processes of the spondyloarthro- 
pathies. Elucidation of the role of B27 should be facili- 
tated by this transgenic model. 

Introduction 

Class I major histocompatibility (MHC) gene products are 
polymorphic 44,000 M r glycoproteins expressed on cell 
surfaces in noncovalent association with the nonpoly- 
morphic 12,000 M r light chain p 2 -microglobulin (Klein, 
1986). Among class I MHC molecules, HLA-B27, a sero- 
logically defined allele of the human HLA-B locus, is of 
particular interest because it is uniquely associated with 
a group of relatively common inflammatory disorders. The 
strongest association is seen with primary ankylosing 
spondylitis, a chronic inflammatory disease affecting the 
axial musculoskeletal system: ~90°/o of affected individu- 
als have inherited the B27 allele in comparison with only 
~7% of Caucasians in the general population (Brewerton 
et al., 1973; Schlosstein et al., 1973; Tiwari and Terasaki, 
1985). An important association also exists between HLA- 
B27 and reactive arthritis, in which certain microbial infec- 
tions of the gastrointestinal or genitourinary tracts trigger 
inflammation in joints and other tissues (Toivanen and 
Toivanen, 1988). A summary of the major disorders as- 
sociated with HLA-B27 is presented in Table 1. 
The B27-associated diseases are classified as rheu- 



matic disorders because of the prominence of mus- 
culoskeletal manifestations. Nonetheless, all of these dis- 
eases can involve multiple organ systems, particularly the 
gastrointestinal tract, genitourinary tract, skin, eye, and 
heart. Because of the overlap among these diseases with 
regard to epidemiology, clinical manifestations, and ana- 
tomic pathology, they were recognized as a distinct cluster 
of interrelated diseases, termed spondyloarthropathies, 
even before the common genetic marker of B27 was iden- 
tified (Moll et al., 1974). Thus it has long been speculated 
that a common pathogenetic mechanism might underlie 
the association of B27 with this heterogeneous group of 
disorders. Despite extensive investigation, however, the 
etiology and pathogenesis of these diseases have re- 
mained obscure, and the basis for the association with 
B27 has not been established. 

In an attempt to develop an animal model of B27- 
associated disease, we (Taurog et al., 1988a) and others 
(Krimpenfort et al., 1987; Nickerson et al., 1990; Weiss et 
al., 1990) have produced transgenic mice expressing 
HLA-B27 and human (^-microglobulin (h(J 2 m). However, 
despite physiologically normal function of B27 in both hy- 
brid and inbred mice (Kievits et al., 1987; Taurog et al., 
1988a) and a reported influence of B27 on the course of 
an experimental bacterial infection in mice (Nickerson et 
al., 1990), no faithful reproduction of any of the features 
of B27-associated human disease has been reported in 
transgenic mice. These negative results raised the possi- 
bility that susceptibility to the spondyloarthropathies 
might not be related to the B27 gene. Alternatively, other 
features of the mouse may not have permitted expression 
of the relevant pathologic changes. We therefore sought 
to develop transgenic technology in rats, which are sus- 
ceptible to several experimentally induced arthritic dis- 
eases that cannot be elicited in mice (Greenwald and Dia- 
mond, 1988). 

In this paper, we describe the production of transgenic 
rats that express HLA-B27 and h(i 2 m genes. We further 
describe a disorder spontaneously arising in these B27 
transgenic rats that includes most of the features of B27- 
associated disease in humans. 

Results 

Integration of HLA-B27 and hp 2 m Genes 
in Inbred Rats 

Fertilized one-cell rat eggs were microinjected with a solu- 
tion containing both DNA fragments shown in Figure 1. 
The HLA-B27 gene encoding the HLA-B*2705 subtype 
was contained on a 6.5 kb EcoRI fragment that included 
0.7 kb of 5' flanking sequence and 2.5 kb of 3' flanking se- 
quence (Figure 1A). The hp 2 m gene was contained on a 
15 kb Sall-Pvul fragment that included 5.2 kb of 5' flank- 
ing sequence and 1.9 kb of 3' flanking sequence (Figure 
1B). Identification and quantitation of transgenes in the 
founder animals and their progeny were determined by 
dot-blot hybridization of genomic DNA isolated from tail bi- 
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Table 1. Rheumatic Diseases Associated with HLA-B27 





Disorder 












MnKyiosing 




Juvenile 






Characteristic 


Spondylitis 


Reactive Arthritis 3 


Spondyloarthropathy 


Psoriatic Arthropathy 


Enteropathic Arthropathy 


Sacroiliitis 


100% 


<50% 


<50% 


20% 


10% 


or spondylitis" 












Peripheral 


25% 


90% 


90% 


95% 


90% 


arthritis 0 












Gastrointestinal 


Common, 


Common, 


Not known 


Uncommon 


All 


inflammation 


usually asymp- 
tomatic 


often symptomatic 








Skin and nail 


Rare 


Most 


Uncommon 


All 


Uncommon 


involvement 












Genitourinary 


Uncommon 


Most 


Uncommon 


Uncommon 


Rare 


involvement 












(males only) 












Eye involvement* 1 


25% 


Common 


Common 


Occasional 


" Occasional 


Cardiac involvement 


<5% 


5%-l0% 


Not known, 
probably rare 


Rare 


Rare 


Usual age of 


18-40 


18-45 


7-18 


20-50 


15-50 


onset (years) 












Sex prevalence 


Males 3:1 


Males 3:1 e 


Males 10:1 


Equal 


Equal 


Type of onset 


Gradual 


Acute 


Variable 


Variable 


Gradual 


Role of infectious 


Unknown 


Definite Trigger 


Unknown 


Unknown 


Unknown 


agents 












Prevalence of 


>90% 


60%-80% 


80% 


50%9 


50%-75%9 



HLA-B27* 

Table adapted from Calin (1984); Tiwari and Terasaki (1985); Khan and van der Linden (1990); Taurog and Lipsky (1990). 
a Includes Reiter's syndrome, classically defined as the triad of arthritis, conjunctivitis, and urethritis. 
b Inflammation in the spine or sacroiliac joints. 
c Inflammation in joints of the extremities. 

d Predominantly conjunctivitis in reactive arthritis; iritis with the other disorders. 

e Male to female ratio is 10:1 if venereally acquired; 1:1 if enteropathically acquired. 

' Caucasians of northern European extraction only. General prevalence in this population is 6%-8%. Some variation seen in other populations, 
but the basic associations with HLA-B27 are seen worldwide. 
9 Frequency elevated only in those with spondylitis or sacroiliitis. 



opsies. Hybridization was carried out with 5' and 3' flank- 
ing probes for the HLA-B27 gene (probes A and C in Fig- 
ure 1A), and with a 3.7 kb Bglll fragment containing exons 
2 and 3 of the hp 2 m gene (probe D in Figure 1B). ' 

Seven LEW and four F344 rats that developed from 
microinjected ova showed integration of the HLA-B27 and 
hp 2 m genes. Of these, four LEW rats and one F344 rat 
showed cell surface expression of both HLA-B27 and 
hp 2 m, as assessed by indirect immunofluorescence of 
peripheral blood lymphocytes (PBLs). One additional 
LEW rat showed integration and expression of the B27 
gene alone. Table 2 summarizes the results of the microin- 
jection experiments. 

All of the founder rats expressing the transgenes were 
subsequently shown to transmit the transgenes to their 
offspring. One of the six founders, 21-3, was found to be 
a mosaic, based on non-Mendelian rates of transmission 
and on enhanced cell surface expression in the offspring. 
Another founder, 21-4, a female, was shown to have two 
independently segregating loci of transgene integration, 
each locus carrying both transgenes. One line arising 
from this founder, inheriting a locus containing 150 copies 
of the B27 gene and 90 copies of the hp 2 m gene, was 
termed 21-4H. The other line, inheriting a locus containing 



six copies of the B27 gene and six copies of the hp 2 m 
gene, was termed 21-4L (Table 3). 

Lymphocyte Cell Surface Expression of the 
HLA-B27 and hp 2 m Transgene Products 

Expression of the transgene products was estimated by 
indirect immunofluorescence and flow cytometry of PBLs 
stained with specific monoclonal antibodies. The relative 
expression of B27 and hp 2 m in seven transgenic lines is 
shown in Table 3. To compensate for interexperiment vari- 
ation, the mean channel fluorescence for each line with 
each antibody is expressed relative to that determined in 
the same experiment for PBLs of the transgenic mouse 
line 56-3, which expresses high levels of both B27 and 
hp 2 m on PBL surfaces. The highest expression of both 
gene products was found in the LEW lines 21-4H and 21- 
4L and the F344 line 33-3. 

The patterns of cell surface expression of B27 and 
hp 2 m in the 21-4H and 21-4L lines are shown in Figures 
2A and 2B. The binding of the endogenous rat class MHC 
I molecules (RT1) to the anti-RT1 antibody OX18 is shown 
in Figure 2C for both transgenic lines and the nontrans- 
genic control. The levels of expression of B27 and hp 2 m 
were comparable in the two transgenic lines (Figures 2A 
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Table 3. Copy Number and Cell Surface Expression of HLA-B27 
and hp 2 m in Transgenic Rat Lines 



Gene 

(Copy/Cell) 8 



Cell Surface Expression 
(Relative MCF) b 



Line 


B27 


hp 2 m 


B27 


hp 2 m 


21-2 


1 


1 


0.09 


0.06 


21-3 


20 


15 


0.30 


0.29 


21-4L 


6 


6 


0.74 


0.42 


21-4H 


150 


90 


0.51 


0.42 


25-1 


1 


0 


0.15 


0.00 


25-6 


7 


7 


0.42 


0.27 


33-3 


55 


66 


1.00 


0.76 



nao oomnaiou uy if u an uia live aoi nyDrtdization 

on DNA isolated from tails using probes specific for each transgene 
(see Figure 1A). 

b Mean channel fluorescence (MCF) with antibodies to HLA-B 
(B1.23.2) or h0 2 m (BBM.1) of PBLs from transgenic rats, relative to 
simultaneously determined MCF of PBLs from the B27/h0 2 m transgen- 
ic mouse line 56-3. All data are from progeny of founders to eliminate 
influence of mosaicism. 



Figure 1. Genes Used for Microinjection of Fertilized Rat Eggs 

(A) The HLA-B* 2705 gene (clone pE.1-B27) was contained on a 6.5 kb 
EcoRI fragment. Exons are indicated by boxes and labeled. Probes 
from the 5' and 3' flanking regions, labeled A and B, respectively, were 
used for dot-blot hybridization of genomic DNA. . Probe C, from the 3' 
untranslated region, was used for Northern hybridization. 

(B) The hp 2 m gene (clone pp2m-13) was contained on a 15 kb 
Sall-Pvul fragment. Exons are indicated by boxes. The insert con- 
tained ~100 bp of the vector pEMBL9, indicated by the open box at the 
3' end. The 3.7 kb Bglll fragment labeled D was used for both dot-blot 
hybridization of genomic DNA and for Northern hybridization. 



Table 2. Production of HLA-B27 and hp 2 m Transgenic Rats 






Founder 








Integration 6 


Expression 0 


Strain Eggs a 


Pups 


B27 hp 2 m 


B27 hp 2 m 


LEW 348 


23 


8 7 


5 4 


F344 329 


24 


4 4 


1 1 



a Number of eggs injected and transferred to pseudopregnant 
recipients. 

b Transgenic animals were identified by dot-blot analysis of DNA iso- 
lated from tails. 

c Cell surface expression was assessed by indirect immunofluores- 
cence and flow cytometry of PBLs. 



and 2B), and in both lines the expression of the endoge- 
nous RT1 class I molecules appeared to be reduced in 
comparison with the nontransgenic control (Figure 2C). 

Immunologic Function of the HLA-B27 Transgene 

To assess T cell recognition of the B27 transgene product 
as a class I MHC antigen, primary grafts of B27 transgenic 
LEW rat skin were placed on nontransgenic LEW rats, and 
spleen cells from the recipient rats were subsequently 
tested for B27-specific cytotoxicity. As shown in Table 4, 
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Figure 2. Comparison of Cell Surface Expression of HLA-B27, h(3 2 m t 
and the Endogenous RT1 Class I MHC Molecules in 21-4H, 21-4L, and 
Nontransgenic Rats 

Peripheral blood mononuclear cells were incubated with saturating 
concentrations of monoclonal antibodies and fluorescein-labeled sec- 
ond antibodies and then analyzed by flow cytometry, as described in 
Experimental Procedures. The results demonstrate that celt surface 
expression of both transgenes was at least as high in the clinically nor- 
mal 21-4L line as in the disease-prone 21-4H line and that endogenous 
RT1 expression appeared lower in the transgenic rats than in the non- 
transgenic control. Sources of cell populations were nontransgenic 
LEW stained with negative control antibody (a), 21-4H (b), 21-4L (c), 
and nontransgenic LEW stained with anti-RT1 antibody (d). Monoclo^ 
nal antibodies were anti-HLA-B27 (B.1.23.2) (A), anti-h0 2 m (BBM.1) 
(B), and anti-RT1 class I (OX18) (C). 
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Table 4. Cell-Mediated Cytotoxicity against HLA-B27 

% Cytoxicity of 

Effector Cells Target Cells 
Effector to _ 



Donor Recipient Target Ratio B27 + hp 2 m + B27"hp 2 m + 



Experiment 1 








21-4L LEW 


100 


34 


15 




50 


38 


8 




20 


36 


3 


LEW LEW 


100 


19 


13 




50 


14 


7 




20 


5 


1 


Experiment 2 








21-4H LEW 


100 


18 


7 




50 


8 


4 




20 


3 


2 


LEW LEW 


100 


3 


3 




50 


1 


2 




20 


0 


1 


Spleen cells from LEW rats grafted 7 days earlier with skin from either 



21-4 transgenic or normal LEW donors were incubated at the indicat- 
ed effector target ratios with 51 Cr-tabeled murine L cell targets express- 
ing either hfom alone or hp 2 m and HLA-B27. Incubation times: 
experiment 1 , 6 hr; experiment 2, 4 nr. SD < 1 5% in experiment 1 and 
<10% in experiment 2. 



spleen cells from nontransgenic LEW rats receiving grafts 
from either 21-4H or 21-4L donors showed significantly 
higher lytic activity against L cell targets transfected with 
the B27 gene than against otherwise identical targets 
lacking this gene. Lytic activity was also higher in recip- 
ients of transgenic grafts than in recipients of control non- 
transgenic syngeneic grafts. These results indicate that 
the B27 transgene product is recognized in a conventional 
manner by allogeneically primed cytolytic T cells. 

Inflammatory Disease in the 21-4H Line: Clinical 
and Histologic Findings 
Gastrointestinal Tract 

Overt disease appeared in all of the rats bearing the 21-4H 
transgene locus that survived past 10 weeks of age. This 
cohort consisted of 14 males and 9 females. The most 
common and persistent finding was diarrhea, manifested 
by frequent, voluminous, often watery stools. Diarrhea 
was observed in all 23 animals, with equal persistence 
and severity in the two sexes. Histologically, the gastroin- 
testinal disease was manifested by chronic inflammation 
involving the stomach and small and large intestine (Fig- 
ure 3). The distribution and seventy of the lesions varied, 
the colon being the most consistently and prominently af- 
fected site. Less frequently, gastric lesions predominated. 
In all sites, the inflammatory cells consisted primarily of 
large and small lymphocytes, plasma cells, and smaller 
numbers of eosinophils. Although the inflammatory re- 
sponse remained primarily in the lamina propria, in the 
most severely affected regions it extended into the sub- 
mucosa. Lymphocytes were commonly aggregated into 
small hyperplastic lymphoid foci, especially in the colon 
and ileum. 

In the intestinal lesions, hyperplasia of crypt epithelial 



cells replaced mucus-secreting cells and increased the 
depth of the prypts (Figures 3D and 3F). Hyperplastic 
crypt cells showed regenerative atypia and a marked in- 
crease in mitotic activity. Destruction of crypts and/or the 
formation of crypt abscesses was uncommon and seen 
only in the most inflamed areas. 

The gastric lesions generally consisted of widely scat- 
tered inflammatory foci in the lamina propria and sub- 
mucosa, but in more severe lesions inflammation was 
much more extensive, and inflammatory cells accumu- 
lated in ectatic glands. The proliferation of mucus-neck 
cells resulted in marked reduction in the number of pari- 
etal cells (Figure 3B). 

That the gastrointestinal inflammation did not result 
from a contagious pathogen was suggested by four pieces 
of evidence. Stool cultures for aerobic bacteria yielded 
only normal fecal flora. Furthermore, rats of the 21-4L line 
and nontransgenic LEW rats were housed for long periods 
in the same cages with affected 21-4H rats without show- 
ing any diarrhea or other signs of illness. In addition, the 
histology of the gastrointestinal tract of the affected 21-4H 
rats was not consistent with any known infectious process. 
Finally, diarrhea has also appeared in six out of seven 
transgenic rats of the 33-3 line past the age of 2 months, 
and not in their nontransgenic littermates. 
Peripheral and Axial Joints 

Peripheral arthritis was observed in 10 of 14 21-4H males 
and in 1 of 9 21-4H females. This was manifested in most 
cases by swelling, erythema, and tenderness of the tarsal 
joints of one or both hindlimbs (Figure 4B). In a few ani- 
mals the carpal joints or digits were also inflamed (Figure 
4D). The arthritis persisted from a few days to several 
weeks, and in some cases showed an undulating pattern 
of remission and exacerbation. 

Histologically, large accumulations of neutrophils were 
present in the joint space. The synovium was hyperplastic, 
edematous and infiltrated with large numbers of lympho- 
cytes, plasma cells, and neutrophils, with neutrophils 
predominating in the most active lesions (Figure 6B). 
There was marked pannus formation that eroded the bone 
at the synovial recess, invading and destroying the articu- 
lar cartilage. Where the articular cartilage on adjacent 
joint surfaces was completely replaced by pannus, fibrous 
ankylosis occurred. Reactive bone formed small osteo- 
phytes along the diaphyses, and foci of metaplastic bone 
were seen within the fibrotic joint capsule. Chronic inflam- 
mation extended from the joint capsule to involve adjacent 
ligaments and tendons. Despite extensive joint destruc- 
tion evident histologically, resolution generally occurred 
with preservation of mobility in the large joints. 

Vertebral joints from two tails of 21-4H rats were exam- 
ined histologically, and both revealed inflammatory changes 
at the outer aspects of the annulus fibrosus and its attach- 
ment to the vertebral endplate (Figure 6D). The inflamma- 
tory cells consisted of lymphocytes and small numbers of 
plasma cells mixed with active fibroblasts. There was ac- 
tive bone resorption at the insertion of the annulus and the 
adjacent periosteum was reactive. 
Skin and Nails 

Several animals of both sexes developed grossly evident 
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Figure 3. Gastrointestinal Histopathology of 
21-4H Rats 

Normal control specimens are from nontrans- 
genic LEW rats, 3-6 months old. 

(A) Normal stomach. Arrowheads indicate typi- 
cal parietal cells (81.25x). 

(B) Stomach of a 3-month-old 21-4H mafe, 
showing chronic gastritis, with numerous di- 
lated pits and glands (asterisks). A microab- 
scess is present in one dilated gland (arrow- 
head). Hyperplasia of the mucus-neck cells 
has largely replaced the parietal cells, and an 
inflammatory infiltrate is present throughout 
the lamina propria (65 x). 

(C) Normal ileum (84.5 x). 

(D) Ileum of a 3-month-old 21-4H male, showing 
chronic enteritis. The depth of the crypts is in- 
creased due to epithelial cell hyperplasia. 
There is a loss of mucus-secreting cells, and an 
inflammatory infiltrate is present throughout 
the lamina propria (645x). 

(E) Normal colon (97.5 x). 

(F) Colon of a 3-month-old 21-4H male, showing 
chronic colitis. The depth of the crypts is 
markedly increased due to epithelial cell hyper- 
plasia. There is a loss of mucus-secreting cells, 
and an inflammatory infiltrate is present 
throughout the lamina propria (97.5 x). 



changes in the tail skin and/or dramatic hyperkeratosis 
and dystrophy of the nails on all four extremities (Figures 
5B and 5D). Histologically, in the tail lesions the epidermis 
was massively thickened by psoriasiform hyperplasia 
(Figure 6F). The rete ridges were regular and thickened 



at the base. Exocytosis of lymphocytes and neutrophils 
was common, with these cells accumulating in spongiotic 
foci in the epidermis, in the superficial parakeratotic crust, 
or around degenerated, necrotic keratinocytes. Diffuse or- 
thokeratotic hyperkeratosis was prominent. The superfi- 





Figure 4. Peripheral Joint Gross Pathology of 21-4H Rats 

Normal control specimens are from nontransgenic LEW rats, 3-6 months old. 

(A) Normal distal hindlimb. 

(B) Distal hindlimb of a 6-month-old 21-4H male showing swelling and erythema. 

(C) Normal distal forelimb. x 

(D) Distal forelimb of a 4-month-old 21-4H male showing swelling and erythema surrounding the carpal joint. 







Figure 5. Nail and Skin Gross Pathology of 21-4H Rats 

(A) Normal hindlimb digits and nails. 

(B) Hindlimb digits and nails of a 3Vi-month-old 21-4 male, showing hyperkeratosis and dystrophy of the nails and alopecia over the digits. 

(C) Normal tail. 

(D) Tail of a 3Vfe-month-old 21-4 male (same as in |B]) t showing edema, alopecia, flaking, and masking of the normal ridged pattern. 
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Figure 6. Peripheral and Axial Joint and Skin Histopathology of 21-4H Rats 
Normal control specimens are from nontransgenic LEW rats, 3-6 months old. 

(A) Normal tarsal joint. Synovium (arrowhead), articular cartilage (AC), subchondral bone (SB), and joint capsule (J) are labeled (78x) 

(B) Tarsal joint of a 4-month-old 21-4H male (same as in Figure 40), showing chronic arthritis. There is a marked inflammatory infiltrate in the joint 
capsule and synovium, with pannus (asterisks) eroding articular cartilage (AC) and subchondral bone (SB) on both sides of the joint (585x) 

(C) Normal tail intervertebral joint. The annulus fibrosus (AF), vertebral end plate (P), ossification center of subchondral bone (SB) and periarticular 
adipose tissue (AT) are labeled (65x). v '* K 

(D) Tail intervertebral joint of a 4-month-old 21-4H male (same as in Figure 4D), oriented as a mirror image of (C), showing expansion of the periarticu- 
lar connective tissue by mononuclear inflammation and fibrosis (asterisks), invading and disrupting the attachment of the outer layers of the annulus 
to the vertebral end plate (arrowheads). Annulus fibrosus, vertebral endplate, and subchondral bone are labeled as in (C) (585x) 

(E) Normal tail skin. The keratin layer (K) overlies the epidermis (EP) and dermis (DE) (975x). 

(F) Tail skin of a 3Vfe -mo nth-old 21-4 male (same as in Figure 5B), showing prominent, elongate, regular rete pegs (R) (psoriasiform epidermal 
hyperplasia), exocytosis of lymphocytes and neutrophils (arrowheads), parakeratosis (P), and dermal papillae (DP) containing inflammatory infil- 
t rates (78x). 



( 



s 



cial papillary dermis contained a diffuse infiltrate of neutro- 
phils, lymphocytes, and plasma cells. Similar changes 
were seen in skin over the distal aspect of the digits. 
Testis and Epididymis 

Orchitis and epididymitis were prominent findings in the 
21-4H males. The orchitis was manifested clinically by a 



progressive enlargement of the testes followed by testicu- 
lar atrophy, with infertility ensuing by 3 months of age in 
most of the males. In contrast, the females showed little 
loss of fertility, even in the presence of persistent diarrhea. 
Histologically, the testicular tunica was thickened by con- 
nective tissue, which contained active angioblasts and fi- 
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Figure 7. Male Genital Tract and Myocardial Histopathology of 21-4H Rats 

Normal control specimens are from nontransgenic LEW rats, 3-6 months old. 

(A) Normal testis (71 .5 x). 

(B) Testis of a 3-month-old 21-4H male, showing chronic orchitis with an intense mononuclear cell interstitial inflammatory infiltrate and sperm granu- 
lomas (G) {71 .5 x). 

(C) Normal epididymis (65x). 

(D) Epididymis of a 3-month-old 21-4H male, showing chronic epididymitis with a granulomatous interstitial inflammatory cell infiltrate (1), sperm granu- 
loma (G), and dilated tubules (T) containing degenerated inflammatory cells and no sperm (65x). 

(E) Normal myocardium (78 x). 

(F) Myocardium of a 3-month-old 21-4H male (same as in Figure 3F), showing myocarditis with a prominent mononuclear inflammatory cell infiltrate 
separating the myofibers (78x). 



broblasts as well as large numbers of lymphocytes and 
plasma cells. The testes often contained numerous granu- 
lomas with necrotic centers surrounded by epithelioid 
macrophages and giant cells and peripherally by lympho- 
cytes, plasma cells, and fibrosis (Figure 7B). Central in- 
farction of the testis was a common finding in the most se- 
verely affected specimens. 

The epididymis frequently contained granulomas simi- 
lar to those found in the testis, along with dilated tubules 



containing necrotic cellular debris. The interstitium of the 
epididymis was expanded by lymphocytes, plasma cells, 
epithelioid macrophages, and moderate fibrosis (Fig- 
ure 7D). 
Heart 

Active inflammatory lesions were evident histologically in 
four of nine 21-4H hearts examined (Figure 7F). in one 
specimen, extensive multifocal lesions were seen, involv- 
ing the ventricular walls and septum. The lesions con- 
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sisted of large numbers of lymphocytes and small num- 
bers of plasma cells, macrophages, and eosinophils. The 
myofibers were widely separated by the inflammatory 
cells, and scattered karyorrhectic nuclei were seen. In the 
less severely affected specimens, infiltrates of lympho- 
cytes and plasma cells were found at the root of the aortic 
valve. In more chronic lesions there was moderate fibrosis 
scattered throughout the myocardium accompanied by 
mild lymphocytic inflammation. In one animal the adven- 
titia of the great vessels was infiltrated by large numbers 
of lymphocytes and plasma cells admixed with proliferat- 
ing angioblasts and fibroblasts. 
Eye and Central Nervous System 
Mild keratitis and anterior uveitis were observed histologi- 
cally in one of five eyes from 21-4H rats, one of five eyes 
from 2V-4L rats, and none of four eyes from nontransgenic 
LEW rats. These findings were judged to be nonspecific, 
probably secondary to bacterial keratitis. 

A peculiar neurologic syndrome was seen in all of the 
females and most of the males of the 21-4H line. This was 
manifested by cerebellar ataxia, with intermittent epi- 
sodes of a stereotypical muscular dystonia, usually in 
response to handling or some other mild stimulus: Elec- 
trophysiologic studies during these episodes demonstrated 
increased muscular tone without evidence of a cortical 
seizure focus (data not shown). For several ceasons, this 
abnormality was thought to result from a process distinct 
from that giving rise to the other lesions. Whereas the 
other lesions appeared after puberty and then progressed, 
the neurologic abnormality began within a few weeks after 
birth and showed no increase in severity thereafter. Unlike 
the other disease processes, the clinical pattern of the 
neurologic findings showed little variation from rat to rat. 
Furthermore, the histologic abnormalities associated with 
the neurologic disease, which involved primarily the spi- 
nal cord and cerebellum, were not inflammatory (data not 
shown). Finally, there was no evidence of neurologic dis- 
turbance in the transgenic F344 line that also showed 
diarrhea, nor in any of the other transgenic LEW lines. 
Other Tissues 

The following tissues were examined in at least one of the 
21-4H rats showing diarrhea and found not to show histo- 
logic abnormalities: esophagus, lung, liver, kidney, adre- 
nal, pancreas, penis, spleen, and thymus. Atrophy of thy- 
mus and spleen that was apparent to gross examination 
was a common finding, however, along with peripheral 
and mesenteric lymph node enlargement. 



Clinical and Histologic Findings in Other 
Transgenic Lines 

No clinical abnormalities were noted in any of the B27 
transgenic LEW lines other than 21-4H. Histologic tissue 
surveys of several 21-4L rats revealed a mild degree of in- 
testinal lymphoid hyperplasia and fibrosis as the only ab- 
normality. Similar intestinal lesions were also found at a 
lower frequency in nontransgenic controls, and hence the 
significance of these findings in the 21-4L rats is not yet 
established. As noted above, almost all transgenic rats of 
the F344 line 33-3 showed diarrhea by 2 months of age. 
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Figure 8. Northern Blot Analysis of HLA-B27, h(3 2 m, and RT1 mRNA: 
Tissue Survey 

Total cellular RNA from tissues of 12-week-old male 21-4H, 21-4L, and 
nontransgenic control rats was subjected to denaturing agarose gel 
electrophoresis (10 ng per lane), transferred to nylon membranes, and 
hybridized to 32 P-labeled probes as described in Experimental Proce- 
dures and Figure! Membranes were exposed to XAR-5 film at 
-70°C with intensifying screens for 2-26 hr. 



Tissue Distribution of mRNA Expression 

Despite the striking differences in disease manifestations, 
the 21-4H and 21-4L lines showed similar cell surface ex- 
pression of the transgene products in PBLs (Table 3; 
Figures 2A and 2B). It was thus of interest to compare the 
two lines with respect to the level and tissue distribution 
of mRNA transcripts of both transgenes. Northern blot 
analysis was carried out on total cellular RNA isolated 
from tissues of a limited number of rats of the 21-4H and 
21-4L lines. HLA-B27 mRNA was detected with a 350 bp 
probe from the HLA-B 3' untranslated region (probe C in 
Figure 1A), and h(J 2 m mRNA was detected with the same 
probe used to detect hp 2 m genomic DNA (probe D in Fig- 
ure 1B). RT1 class I mRNA was detected with a 447 bp 
probe from the 3' untranslated region of the RT1.A gene. 
Figures 8 and 9 contain results from age- and sex-matched 
representatives of the 21-4H and 21- 4L lines and a non- 
transgenic control. 

As shown in Figure 8, the distribution and relative abun- 
dance of both B27 and hp 2 m transgene transcripts among 
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Figure 9. Northern Blot Analysis of HLA-B27 and RT1 mRNA: Com- 
parative Analysis of Seven Tissues 

(A) Tissue sources and methods were the same as described in Fig- 
ure 8. Membranes were exposed 1-8 hr. 

(B) Tissue sources were the same as described in Figure 8. Five micro- 
grams of total cellular RNA was added per lane. Prostatic tissue in the 
21-4H animal was difficult to identify because of severe atrophy, pre- 
sumed to be due to loss of androgen stimulation. The membrane 
probed for B27 was exposed for 1 hr A 10 hr exposure showed B27 
transcripts in 2HH epididymis (data not shown). The membrane 
probed for RT1 was exposed for 5 hr. 



the various tissues examined were similar to those of the 
endogenous RT1 class I expression and typical of MHC 
class I gene expression (Klein, 1986). In addition, both 
transgenes produced mRNA transcripts of the predicted 
size. 

Figure 9 shows direct comparisons of the 21-4H and 21- 
4L lines with respect to the relative amounts of B27 and 
RT1 transcripts in tissues affected by the disease process 
in the 21-4H line. The abundance of B27 transcripts was 
dramatically higher in the 21-4H rat than in the 21-4L rat 
in spleen, colon, and testis, and less markedly increased 
in jejunum and epididymis. In the thymus, the B27 tran- 
scripts were approximately equal in the two lines; how- 
ever, this may have been a reflection of thymic atrophy in 
the 21-4H rats. 

Although the apparent reduction of RT1 cell surface ex- 
pression in PBLs was comparable in 21-4H and 21-4L rats 
(Figure 2C), at the level of mRNA there was no apparent 
reduction of RT1 transcripts in the 21-4L tissues exam- 
ined. In contrast, the abundance of RT1 transcripts was 



markedly reduced. in 21-4H spleen, thymus, and colon, 
compared with tissues from a nontransgenic rat. High ex- 
pression of RT1 mRNA was found in the 21-4H testis and 
jejunum. In the case of testis, this probably reflects the in- 
tense infiltration of inflammatory cells seen histologically 
in this organ (Figure 7B), whereas an explanation for the 
finding in jejunum is less apparent. 

Discussion 

Integration and Expression of HLA-B27 and 
hp 2 m Transgenes in Rats 

In an attempt to create an animal model of B27-associated 
disease, we developed transgenic technology in rats and 
produced inbred rats expressing both HLA-B27 and 
hp 2 m. Simultaneously, Mullins et al. (1990), using similar 
methods, were independently successful in producing 
transgenic rats expressing a mouse renin gene. 

The levels of B27 and hp 2 m mRNA transcripts in the 
transgenic tissues paralleled those of the endogenous 
class I genes in nontransgenic tissues, suggesting that 
the transgenes were subject to physiologic regulation. It 
is interesting that the presence of the human transgenes 
resulted in an apparently reduced expression of the en- 
dogenous class I RT1 genes, at the level of cell surface 
protein expression in PBLs and/or at the level of mRNA, 
both in lymphoid and nonlymphoid tissue. The possibility 
was not excluded that the reduced binding of 0X18 anti- 
body to the transgenic PBLs was due to an effect of hp 2 m 
either on the number of cell surface RT1 class I molecules 
or on the affinity of the 0X18 antibody for these molecules. 
However, such an effect would not explain the prominent 
reduction in RT1 mRNA transcripts seen in the 21-4H 
spleen, thymus, and colon. 

Several transcriptional regulatory elements have been 
identified in the 200 bp 5' to the transcription initiation site 
in murine class I MHC genes, including the binding site 
for the conserved nuclear factor KBF1 (David-Watine et 
al., 1990; Kieran et al., 1990), and homologous sequences 
are found in the HLA-B27 promoter region (Weiss et al„ 
1985). Thus, at least part of the inhibition of RT1 transcrip- 
tion in the 21-4H tissues might be explained by competi- 
tion by the transgenes for nuclear factor binding. 

The Inflammatory Disease of the 21-4H Transgenic 
Rats: Comparison with B27-Associated 
Disease in Humans 

B27-associated disorders in humans encompass a spec- 
trum of inflammatory diseases affecting predominantly 
the peripheral and axial musculoskeletal system, gas- 
trointestinal tract, genital tract, integument, and eye (Table 
1). Less common involvement of heart and nervous sys- 
tem and rare involvement of iung are also observed in 
these disorders (Bulkley and Roberts, 1973; Good, 1974; 
Taurog and Lipsky, 1990). The spontaneously arising dis- 
ease in B27/hp 2 m transgenic rats showed a striking clini- 
cal and histologic similarity to B27-associated disease in 
humans, with inflammatory lesions of peripheral and axial 
joints, gut, male genital tract, nails, skin, and heart. The 
close resemblance of the findings in the transgenic rats 



to B27-associated disease in humans strongly supports 
the conclusion that the B27 molecule itself participates in 
the pathogenesis of the various lesions found in different 
organ systems in the spondyloarthropathies. 

The most prevalent site of inflammation in the trans- 
genic rats appears to be the gastrointestinal tract. All of 
the 21-4H rats under observation for at least 6 months de- 
veloped overt diarrhea, and a similar picture is emerging 
in the 33-3 line. These findings suggest that the events ini- 
tiating the disease process occur in the gastrointestinal 
tract and that further investigation of the intestinal im- 
munophysiology and immunopathology of the transgenic 
animals may provide some insight into the role of the B27 
molecule in these events. 

Numerous observations in humans support a causal 
link between factors in the gut and inflammatory joint dis- 
ease. Peripheral and axial arthritis are common accom- 
paniments of chronic inflammatory bowel disease even in 
the absence of B27 (Table 1), and recent evidence sug- 
gests that milder degrees of gastrointestinal inflammation 
are closely correlated with the occurrence of B27-asso- 
ciated joint disease in individuals without bowel symp- 
toms. Histologic examination of endoscopically obtained 
biopsies in a large series of patients with reactive arthritis 
or ankylosing spondylitis indicated that over 60% had 
asymptomatic inflammatory lesions of the terminal ileum 
or colon (Cuvelier et al., 1987). Whether patients with 
B27-associated disease develop inflammatory lesions in 
the more proximal small intestine or stomach that might 
resemble those seen in the 21-4H rats is not known. 

Although gastrointestinal inflammation in the trans- 
genic rats was present equally in both sexes, arthritis oc- 
curred predominantly in males. This closely followed the 
pattern in humans, in whom males with ankylosing spon- 
dylitis, juvenile onset spondyloarthropathy, or reactive ar- 
thritis following genital infection outnumber females 3- to 
10-fold. The prevalence of subclinical gastrointestinal in- 
flammation in B27 individuals without rheumatic disease, 
either male or female, is not known. Both peripheral and 
axial arthritis occurred in the 21-4H rats. Clinically, the pe- 
ripheral arthritis resembled that seen in other experimen- 
tal models of arthritis in rats, such as those induced by 
complete Freund's adjuvant or streptococcal cell walls, 
with swelling and erythema of the proximal hind paw be- 
ing the predominant lesion. Histologically, the involved 
joints showed lesions typical of experimental arthritis in 
rats, as well as B27-associated peripheral arthritis in hu- 
mans, with synovial hyperplasia, inflammatory cell infiltra- 
tion, pannus formation, and destruction of articular carti- 
lage and bone (Greenwald and Diamond, 1988; Taurog et 
al., 1988b). 

Axial arthritis, with inflammatory cell infiltration and 
periosteal reaction at the margins of the intervertebral 
discs, was seen histologically in the tails of 21-4H rats. 
This appears to be the same pathologic process that 
leads to the vertebral changes in ankylosing spondylitis, 
although histologic comparison of this lesion with human 
spondylitis is made difficult by the paucity of descriptions 
of early lesions in humans (Ball, 1971; Eulderink, 1990). 
More generally, the vertebral lesion in the 21-4H rats also 



closely resembles the enthesitis, inflammation at ligamen- 
tous attachments to bone, that is a pathologic hallmark of 
the B27-associated diseases in humans (Ball, 1971). 

Dramatic psoriasiform skin and nail lesions developed 
in the 21-4H rats. These lesions show an extraordinary 
histologic resemblance to psoriatic lesions in humans. Al- 
though in most patients with psoriasis vulgaris there is no 
association with HLA-B27, lesions termed keratoderma 
blenorrhagica that are histologically indistinguishable 
from the psoriatic variant pustular psoriasis are commonly 
found in B27-associated reactive arthritis (Good, 1974; 
Keat, 1983). Furthermore, typical psoriasis vulgaris occa- 
sionally supervenes in patients initially presenting with 
reactive arthritis. Finally, a common pathogenetic mecha- 
nism between psoriasis vulgaris and B27-associated dis- 
ease is suggested by the recent observation that both 
psoriasis vulgaris and the skin lesions of Reiter's syn- 
drome appear to be significantly exacerbated in patients 
with coexistent infection with the human immunodefi- 
ciency virus HIV-1 (Duvic et al., 1987). 

Another striking lesion in the 21-4H rats was orchitis, 
which was found in virtually all of the males, invariably in 
association with epididymitis. In humans, urogenital in- 
flammation is prevalent in B27-associated diseases. Al- 
though urethritis in males with reactive arthritis is a com- 
mon finding even in the absence of known urethral 
infection, prostatitis and epididymitis in males, cervicitis in 
females, and cystitis in both sexes have been described 
(Yli-Kerttula, 1984). Although there have been no reports 
of histologically confirmed orchitis associated with HLA- 
B27 or with B27-associated syndromes, clinical descrip- 
tions suggestive of orchitis have been published (Mon- 
tanaro and Bennett, 1984). It is thus not altogether unlikely 
that the inflammatory process induced by B27 in the 21-4H 
rat testis has a milder human counterpart. 

Inflammatory disease involving the root of the aortic 
valve and myocardium was found in the 21-4H rats. Both 
aortic insufficiency and cardiac conduction disturbances 
are well-documented complications of ankylosing spon- 
dylitis and reactive arthritis (Bergfeldt et al., 1988; Bulkley 
and Roberts, 1973; Good, 1974). Moreover, primary myo- 
cardial disease may also be relatively prevalent in anky- 
losing spondylitis (Brewerton et al., 1987). The cardiac 
pathology of the 21-4H rats, like the lesions in the periph- 
eral and axial joints, gastrointestinal tract, skin, and male 
genital tract, thus appears to be a direct counterpart of a 
pathologic process in B27-associated human disease. 

In comparing the pathologic lesions identified in the 
B27 transgenic rats with B27-associated disease in hu- 
mans, only the neurologic disease in the 21-4H LEW line 
seemed to represent a significant anomaly. Occasional 
cases of either central or peripheral neurologic disease 
have been reported in association with B27-associated 
reactive arthritis (Good, 1974; Montanaro and Bennett, 
1984; Taurog and Moore, 1986), but none of these has 
been characterized histologically, nor do their clinical 
descriptions resemble the findings in the 21-4H rats. As 
mentioned under Results, the neurologic lesions in the 21- 
4H rats appear to be temporally and histologically un- 
related to the inflammatory disease seen in other organs. 
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Although the possibility cannot be excluded that the neu- 
rologic disturbance contributed indirectly to the inflamma- 
tory lesions, for example by disruption of the normal inner- 
vation of lymphoid tissue or gut (Anderson, 1990), the 
absence of neurologic disease in the 33-3 line, a second 
transgenic line exhibiting spontaneously occurring B27- 
associated disease, suggests that the neurologic disease 
in the 21-4H line is not a necessary part of the inflamma- 
tory process in other organ systems, but likely a result of 
a dominant insertional mutation. A complete description 
of the neurologic findings in the 21-4H line is in progress. 

The Inflammatory Disease of B27/h(3 2 m Transgenic 
Rats: Possible Mechanisms 

It is unclear why overt inflammatory disease developed in 
only two of the seven transgenic rat lines, 21-4H and 33-3. 
It is unlikely that differences in postconceptional environ- 
ment play a significant role in determining the phenotypes 
of the different transgenic lines, since segregation of the 
diseased phenotype with the 21-4H locus was uniformly 
observed in litters containing both 21-4H and 21-4L off- 
spring. Insertional mutation appears unlikely as an expla- 
nation, since two independent transgenic lines developed 
aspects of a similar disease. Nor was evidence obtained 
for differences in B27 function, since the 21-4H and 21-4L 
lines comparably stimulated immune recognition of B27 
by cytolytic T cells. The variation among transgenic rat 
lines most likely can be ascribed to either quantitative or 
qualitative differences in the expression of the transgenes 
or to differing effects of the transgene on the host genome. 

The results presented in this study do not exclude the 
possibility that a human class I MHC gene other than 
HLA-B27 might also be capable of producing a disease 
process similar to that described here, nor do they exclude 
the possibility that the hp 2 m gene alone might be suffi- 
cient to produce disease. Studies are in progress to ad- 
dress these possibilities. 

Several lines of evidence have suggested that interac- 
tions between B27 and bacterial products are involved in 
the pathogenesis of the spondyloarthropathies (Yu et al., 
1989). Although the disease in the transgenic rats arose 
spontaneously in the apparent absence of infection by 
pathogens, the possibility must be considered that the 
pathogenesis involves interactions between B27 and com- 
mensal organisms such as the intestinal flora or patho- 
gens not detected by routine serologic screening. Studies 
in which the transgenic rats are maintained germ free will 
be important in exploring this issue. 

Despite extensive investigation of the structure and 
function of class I MHC genes in general and HLA-B27 in 
particular, it has so far not been possible to identify the 
molecular mechanism of the association of B27 with hu- 
man disease. However, given the close resemblance of 
the spontaneous disease of the 21-4H line to B27-asso- 
ciated human disorders, a detailed cellular and molecular 
analysis of the B27/h(3 2 m transgenic rats should enhance 
our understanding of the role of HLA-B27 in causing dis- 
ease. It may also contribute to a broader understanding of 
the function of class I MHC molecules. 



Experimental Procedures 
Animals 

Specific pathogen-free inbred Lewis/CrlBR (LEW) and Fischer F-344/ 
CrIBR (F344) rats, and outbred Sprague-Dawley rats, were purchased 
from Charles River Laboratories, Boston, MA. Hybrid mice of the trans- 
genic line 56-3 (Taurog et al, 1990), which express high levels of both 
B27 and h3 2 m on lymphoid cell surfaces, were bred in our animal 
colony. Animals were maintained in accordance with institutional 
guidelines. 

Generation and Identification of Transgenic Rats 

Immature LEW or F344 female rats were superovulated according to 
the method of Armstrong and Opavsky (1988) and bred with fertile 
males. The day following breeding, fertilized one-cell eggs were 
flushed from the oviduct of females exhibiting either vaginal plugs or 
sperm in vaginal lavage fluid. Eggs were held in Brinster's medium for 
2 hr or less before microinjection. Microinjection of eggs and transfer 
to day 1 pseudopregnant Sprague-Dawley females were carried out 
essentially as described for mice (Brinster et al., 1985). 

Two genomic clones were used for microinjection of fertilized rat 
eggs (Figure 1). The HLA-B27 gene encoding the HLA-B* 2705 sub- 
type (Bodmer et al., 1990) was contained on a 6.5 kb EcoRI fragment 
(clone pE.1-B27; Taurog et al., 1988a; Taurog and El-Zaatari, 1988) and 
the hp 2 m gene was contained on a 15 kb Sall-Pvul fragment (clone 
pP2m-13, the gift of Dr. H. L. Ploegh, Amsterdam, The Netherlands; 
Giissow et al., 1987). Each insert was separated from plasmid DNA by 
agarose gel electrophoresis and isolated by perchlorate elution (Chen 
and Thomas, 1980). The solution used for microinjection contained 
both fragments, each at 1.5 ng/nl. 

Identification and quantitation of transgenes were determined in the 
founder animals and their progeny by dot-blot hybridization of genomic 
DNA isolated from tail biopsies, as previously described (Brinster et al., 
1985). Genomic DNA was analyzed by hybridization with 5' and 3' 
flanking probes for the HLA-B locus, as previously described (probes 
A and B in Figure 1A; Taurog et al., 1988a), and with a 3.7 kb Bglll 
fragment containing exons 2 and 3 of the h0 2 m gene (probe D in 
Figure 1B). 

RNA Analysis by Northern Blot Hybridization 

Northern blot hybridization was carried out as described elsewhere 
(S. D. Maika, L. Laimonis, A. Messing, and R. E. Hammer, submitted). 
Briefly, total cellular RNA was extracted from tissues by the gua- 
nadinium isothiocyanate-CsCI procedure, separated on glyoxal aga- 
rose gels, and blotted onto nylon membranes. HLA-B27 mRNA was 
detected with the 350 bp HLA-B 3' untranslated region probe pHLA-1.1 
(probe C in Figure 1A; Koller et al., 1984), and h3 2 m mRNA was de- 
tected with the same 3.7 kb Bglll fragment used to detect hp 2 m 
genomic DNA (probe D in Figure 1B). RT1 class I mRNA was detected 
with a 447 bp Pvull-Hindlll fragment containing the 3' untranslated re- 
gion of the RT1.A 8 gene pBS3.3/1 (the gift of Dr. J. C. Howard, Cam- 
bridge, England; Radaetal., 1990). All stringency washes were carried 
out in 0.1 x SSC, 0.5% SDS at 65°Q 

Monoclonal Antibodies, Indirect Immunofluorescence, 
and Flow Cytometry 

The following murine monoclonal antibodies were used: B.1.23.2, 
lgG 2b , binding .a monomorphic determinant shared by HLA-B and -C 
molecules (Rebai and Malissen, 1983); BBM.1, lgG 2b , binding h3 2 m 
(Brodsky et al., 1979); and OX18, IgG,, binding a monomorphic rat 
RT1 class I antigen (Fukumoto et al., 1982). P1.17, an lgG 2a myeloma, 
served as a negative control. 

Indirect immunofluorescence was carried out as previously de- 
scribed (Taurog and El-Zaatari, 1988; Taurog et al., 1988a). Briefly, 
Ficoll-Hypaque-purlfied peripheral blood mononuclear cells were in- 
cubated with saturating concentrations of each monoclonal antibody, 
washed, then incubated with ftuorescein-conjugated F(ab)' 2 frag- 
ments of goat anti-mouse Fey antibodies (Cappel Inc;, Malvern, PA). 
After washing, the cells were fixed in 1% paraformaldehyde before 
analysis on a FACScan flow cytometer (Becton Dickinson, Mountain 
View, CA). Viable lymphocytes were analyzed by gating of forward and 
90° light scatter. 
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Generation and Analysis of Cytolytic T Cells 

Primary alloimmunization by skin grafting was carried out by the 
method of Peter and Feldman (1972). Seven days after graft place- 
ment, recipient spleen cells were used as effector cells in a 4-6 hr 
51 Cr release assay, as previously described Oaurog et al., 1988a). Two 
mouse L ceil lines were used as target cells, one transfected with and 
expressing the hp 2 m gene, the other transfected with and expressing 
both the HLA-B*2705 and hp 2 m genes, as previously described (El- 
Zaatari et al., 1990). 

Histology 

Tissues were fixed in 10% neutral buffered formalin, embedded in par- 
affin, sectioned, and stained with hematoxylin and eosin. Joints were 
embedded and sectioned following fixation and decalcification for 4-6 
weeks in 10% disodium EDTA, as previously described (Taurog et al., 
1988b), or following decalcification in 10% formic acid. Eyes were em- 
bedded inr methacrylate before sectioning and staining. 
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Lee, Min Ae, Manfred Bohm, Martin Paul, Michael Bader, 
Ursula Ganten, and Detlev Ganten. Physiological characterization of 
the hypertensive transgenic rat TGR(mREN2)27. Am. J. Physiol. 270 
{Endocrinol. Metab. 33): E919-E929, 1996.— Transgenic techniques rep- 
resent powerful tools for the study of gene-related mechanisms of 
diseases such as hypertension, which results from a complex interaction 
between genetic and environmental factors. The renin-angiotensin sys- 
tem, a biochemical cascade in which renin functions as the key enzyme in 

^ the formation of the effector peptide angiotensin II, plays a major role in 

the regulation of blood pressure. The renin gene, therefore, represents an 
important candidate gene for hypertension. Because rats are more suited 
than mice for a number of experimental settings often employed in 
cardiovascular research, we modified the transgenic technique to gener- 
ate the transgenic rat strain, TGR(mREN2)2 7 harboring the murine 
Ren-2 gene. These transgenic rats develop fulminant hypertension at an 
early age despite low levels of renin in plasma and kidney. In addition, 
high expression of the transgene in a number of extrarenal tissues is 
associated with increased local formation of angiotensin II. Thus the 
TGR(mREN2)27 rat represents a model of hypertension with a defined 
genetic background. Studies on the transgenic rat may not only provide 
( new insights into pathophysiological mechanisms of hypertension in this 

* animal model but also offer the unique possibility to investigate the 

function and regulation of renin-angiotensin systems in extrarenal 
tissues. The aim of this review is to compile the knowledge that has been 
accumulated to date on this transgenic rat and to discuss possible 

^ mechanisms responsible for its hypertensive phenotype. 

| renin-angiotensin system; hypertension 



MOST knowledge concerning the pathophysiology of 
primary hypertension has largely been obtained from 
studies performed in animal models such as the sponta- 
neously hypertensive rat (SHR) and its stroke-prone 
substrain (SHRSP), which were established by selec- 
tive breeding of the hypertensive phenotype. As in most 
cases of primary hypertension in humans, high blood 
pressure in these animal models is a quantitative trait 
under polygenic control (61). Apart from rare monoge- 
netic forms of hypertension (43, 70), the genes involved 
in the hypertensive process remain largely unknown. 
One approach to identify chromosomal regions contain- 
ing such genes is to perform linkage studies in crosses 
between hypertensive rat strains and their normoten- 
sive control strains (44, 61). Another approach is to 
analyze mechanisms by which selected genes influence 
the development of pathophysiological phenotypes with 



the use of transgenic techniques (20). The major advan- 
tage of transgenic animal models over disease models of 
unknown etiology is that ensuing pleiotropic pheno- 
typic effects can be attributed to a single genetic change. 
This is especially important in the study of complex dis- 
eases such as hypertension, in which causal effects are 
difficult to differentiate from secondary effects. 

The renin-angiotensin system (RAS) is pivotally in- 
volved in the regulation of blood pressure and fluid 
homeostasis. Therefore, the genes encoding for its 
components represent important candidate genes for 
hypertension. In addition to its well-defined role as an 
endocrine system, there is increasing evidence for locally 
acting RAS in several tissues, including brain (60), adrenal 
glands (90), kidney (42), heart (45), and reproductive 
organs (15). Because renin represents the key enzyme in 
the cascade leading to the generation of angiotensin II 
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(ANG II), the murine Ren-2 gene was chosen as a 
candidate gene to generate transgenic rats (51). 

TRANSGENIC METHODOLOGY 

Significance of Transgenic Techniques 

Since its first application in mammals more than a 
decade ago, the generation of transgenic animals by 
introducing foreign genes into a host genome has 
become a very powerful method in experimental biology 
and medicine. The transgenic approach, based on gain- 
of-function alterations, has yielded numerous insights 
into the physiological role of genes under in vivo 
conditions. In particular, it has provided unique tools to 
study the tissue-specific or developmental regulation of 
genes and to analyze gene-related mechanisms of dis- 
ease (19, 24). The most commonly used species for the 
generation of transgenic animals are mice because of 
the availability of several inbred strains with a well- 
defined genetic background. Although studies on trans- 
genic mice have provided further insight into the role of 
certain genes involved in cardiovascular homeostasis, 
such as vasopressin, atrial natriuretic peptide, and the 
low-density lipoprotein receptor (19), their small size 
limits their usefulness for a number of experimental 
settings often employed in hypertension research. 
Therefore, we decided to apply the transgenic methodol- 
ogy to the rat. The murine Ren-2 gene was chosen for 
the following reasons. 1) The renin gene represents a 
major candidate gene for hypertension on the basis of 
its physiological and pathophysiological role in the 
regulation of blood pressure. In addition, allelic vari- 
ants of the renin gene have been shown to cosegregate 
with the hypertensive phenotype in certain rat strains 
(37, 62). 2) Mouse renin is capable of cleaving rat 
angiotensinogen to produce angiotensin I (ANG I) and 
increases blood pressure if injected into rats (55, 56). 3) 
The murine Ren-2 gene differs from other mammalian 
renin genes in that its protein is unglycosylated and 
shows a distinct pattern of extrarenal expression (71). 
Moreover, introduction of the Ren-2 gene into the 
genome of mice has already been demonstrated to 
result in correct tissue-specific expression (52). Thus, it 
was hypothesized that overexpression of murine renin 
in rats would affect blood pressure and allow investiga- 
tion of those tissues in which local RAS may play an 
important functional role. 

Generation of the Transgenic Rat Line 
TGR ( mREN2)2 7 

A modified version of the protocol etablished for the 
generation of transgenic mice by pronucleic injection 
was applied to the rat (28). Female rats derived from a 
cross between female outbred Sprague-Dawley (SD) 
rats (Zentralinstitutfur Versuchstierkunde, Hannover) 
and male Wistar-Kyoto (WKY) rats were subjected to 
hormonal treatment to induce superovulation. At 9-10 
wk of age, rats had osmotic minipumps, loaded with 
200 ug of a pregnant mare's serum gonadotropin, 
implanted subcutaneously. Two days later, the rats 



were injected intraperitoneally with 30-40 units of 
human chorionic gonadotropin and mated with male 
SD rats. The following day, the animals were killed, 
and fertilized oocytes were harvested for microinjec- 
tion. After the development of pronuclei, ~1 pi of 
injection buffer containing foreign DNA at a concentra- 
tion of 1 ng/ul was injected into the larger male 
pronucleus by use of microinjection apparatus. The 
injected DNA contained the entire Ren-2 gene of DBA/2 
mice, including 5.3 kb of the 5'-flanking and 9.5 kb of 
the 3'-flanking region (51, 52). Manipulated oocytes 
were transferred to the oviducts of pseudopregnant SD 
females by injecting medium containing up to 15 oo- 
cytes into the infundibulum via retroperitoneal access. 
Pseudopregnancy was achieved by mating with vasecto- 
mized males. Screening of offspring for successful inte- 
gration of the transgene was performed by Southern 
blot analysis of Pvu II digested genomic DNA obtained 
from tail biopsies with use of a radioactively labeled 
BamH I fragment of the Ren-2 cDNA. A transgene- 
positive offspring was identified by the presence of 
8.5-kb and 0.8-kb i?erc-2-specific restriction fragments 
(51). 

Implantation of 37 eggs resulted in eight progeny, of 
which five carried the transgene (51). Four of the 
founder animals were successfully bred, and three of 
them, TGR (mREN2)25, -26, and -27, transmitted the 
transgene to their progeny. All transgenic founder 
animals exhibited blood pressure values in the range of 
230-265 mmHg compared with 120 mmHg in trans- 
gene-negative littermates. The female founder animal 
26 was not hypertensive at onset, and further breeding 
revealed this animal to be mosaic for the transgene. It 
was not possible to breed these animals to homozygos- 
ity because all male offspring were infertile. In contrast 
to homologous recombination techniques, insertion of 
foreign DNA by pronucleic injection does not target a 
specific chromosomal site and occurs at random. The 
fact that all transgene-positive founder animals were 
hypertensive and that the hypertensive phenotype 
cosegregated with the transgene indicates that hyper- 
tension development is independent of the transgene 
insertion site and not caused by a mutation associated 
with the integration event. The infertility of male 
TGR(mREN2)26 may be due either to an insertional 
mutation on the X chromosome or to an autosomal 
dominant mutation, because the phenotype is already 
present in the heterozygous state. The transgenic rat 
strain TGR(mREN2)27 was established by breeding trans- 
gene-positive progeny with SD rats. The founder animals 
were derived from a cross between a female SD X WKY 
hybrid and a male SD rat and thus derived one-fourth of 
their genetic material from the WKY genome. Because 
further breeding was performed by using SD rats and 
selecting for the transgene, it can be calculated that the 
transgene was completely bred into the genetic back- 
ground of SD rats after 8-10 generations (61). There- 
fore the SD rat derived from the Hannover colony 
repesents the appropriate control strain for TGR(m- 
REN2)27 rats. 
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CHARACTERIZATION OF PHENOTYPE 

Development of Blood Pressure, Body Weight, 
and Survival Rates 

The presence of an additional renin gene in TGR(m- 
REN2)27 rats is associated with the development of 
severe hypertension (51). In heterozygous animals, 
hypertension was evident at 4-5 wk of age, reaching 
maximum values of up to 240 mmHg in males and up to 
200 mmHg in females at 8-9 wk. Blood pressure values 
in SD rats ranged between 115 and 140 mmHg (Fig. 1). 
The phase of established hypertension was followed by 
a decrease in blood pressure by 20-30 mmHg in male, 
and by 40-60 mmHg in female TGR(mREN2)27 rats 
between 20 and 24 wk of age. Doubling of gene dose in 
homozygous rats led to even higher blood pressure 
values, reaching 290 mmHg in males and 250 mmHg in 
females (Fig. 1). In heterozygous transgenic animals, 
increase in body weight, an indicator of thriving, was 
comparable to that of SD rats. Homozygous animals, 
however, displayed a lack of weight gain, which was 
paralleled by an increased mortality rate (Fig. 2). 
Morphological changes consistent with hemorrhagic 
stroke were occasionally found on autopsy predomi- 
nantly in homozygous TGR(mREN2)27 rats. 

Plasma RAS 

On the basis of most studies conducted so far on the 
plasma RAS in the transgenic rat, one of the fnost 
interesting observations after the introduction of an 
additional renin gene in the rat is that renin in plasma 
and kidney is reduced, whereas prorenin is elevated 
(51). The suppression of renin and the prorenin eleva- 
tion were both present at 5 wk of age before hyperten- 
sion was fuldy established (Fig. 3, A-D). Converting- 
enzyme activity in plasma was similar between 
heterozygous TGR(mREN2)27 and SD rats (Fig. 3, E 
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Fig. 1. Development of systolic blood pressure (SBP) measured by 
tail cuff plethysmography in heterozygous (het) and homozygous 
(horn) transgenic rat (TGR) (mREN2)27 rats of both sexes. Values are 
means ± SD; n = 10/group. P < 0.005 at 5 wk and P < 0.0005 beyond 
5 wk of age for all groups vs. normotensive Sprague-Dawley (SD) rats 
matched for age and sex, respectively, except for female heterozygous 
rats, P < 0.0005 only until 21 wk. Hatched bar, range of blood 
pressure values in control animals. 



and F), although homozygosity for the transgene has 
been shown to be associated with a reduction in plasma- 
converting enzyme (10, 39). Plasma levels of ANG I 
were decreased to 20% of control values in transgenic 
females but were only slightly lower in transgenic than 
in control males (Fig. 4,Aand£). Similarly, ANG II was 
reduced in transgenic females compared with female 
controls but was not different between transgenic and 
control males (Fig. 4, C and D). Altogether, ANG I and 
ANG II were significantly higher in male than in 
female transgenic rats. This sexual dimorphism was 
not present in control animals. Plasma angiotensinogen 
was slightly decreased in both female and male trans- 
genic rats compared with controls (Fig. 4, E and F). 

Although most investigations on TGR(mREN2)27 
rats have confirmed the presence of reduced circulating 
renin (3, 26, 39, 40, 47, 50, 59, 64, 66), some studies 
have reported increased plasma renin levels in TGR(m- 
REN2)27 rats (10, 80, 81). This discrepancy clearly 
requires further exploration, as it concerns the role of 
circulating renin for the hypertensive phenotype. Sev- 
eral factors must be considered when the levels of 
circulating renin reported in these studies are inter- 
preted. First, phenotypic effects of the transgene may 
vary because of differences in the genetic background of 
the host genome. Whitworth et al. (88) recently demon- 
strated that crossbreeding of TGR(mREN2)27 rats 
with Edinburgh SD rats resulted in a change of the 
phenotype resembling malignant hypertension. Be- 
cause this phenotype was not observed during cross- 
breeding of TGR(mREN2)27 rats with Hannover SD 
rats under identical environmental conditions, the 
phenotypic shift was attributed to the genetic diversity 
within outbred SD rats (88). Thus differences in the 
genetic makeup between different colonies of SD rats 
may also affect plasma renin levels, emphasizing the 
need for appropriate controls. Second, plasma renin 
levels vary depending on gender, age, and zygosity of 
the transgenic rats. Moreover, high blood pressure in 
homozygous transgenic rats necessitates antihyperten- 
sive treatment during pregnancy. Prenatal treatment 
with a converting-enzyme inhibitor in SHR has been 
demonstrated to attenuate development of hyperten- 
sion in adult rats even after withdrawal of the drug 
(89). It is possible that similar epigenetic influences in 
homozygous TGR(mREN2)27 rats may affect the pheno- 
type. Third, prorenin can be activated in vitro after 
exposure to cold or low pH (54), and artifactual activa- 
tion during sample processing may account for in- 
creased renin, especially in the transgenic rat, where 
circulating prorenin is high. In addition, species- 
specific differences in plasma renin levels measured 
may occur depending on the pH, as well as the source of 
renin substrate used (23, 81). 

Sexual Dimorphism 

TGR(mREN2)27 rats exhibit a marked sexual dimor- 
phism with respect to the hemodynamic phenotype 
because males have higher blood pressure than fe- 
males. Therefore, the transgenic rat offers the possibil- 
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Fig. 2. Development of body weight in 
female (A) and male (B) heterozygous 
(het) and homozygous (horn) transgenic 
rats. Triangles, values for age-matched 
SD rats. Values are means ± SD; n = 
10/group. P < 0.005, or 0.0005 beyond 7 
wk of age, for comparison between het- 
erozygous and homozygous rats. C and 
D: survival rates in TGR(mREN2)27 
rats. 
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ity to study the role of the renin gene in sex-specific 
differences of hypertension, a phenomenon that is also 
observed in other rat strains (21) and in humans (13). 
Interestingly, gender-dependent phenotypic differences 
were also observed for certain components of the plasma 
RAS. Higher plasma angiotensinogen, observed in both 
transgenic and control males, may be attributed to 
androgens, which have been shown to stimulate he- 
patic angiotensinogen gene transcription (11). How- 
ever, prorenin, ANG I, and ANG II were higher only in 
transgenic males compared with females, pointing to a 
transgene-related mechanism for this sex difference. 
Ren-2 gene expression is positively modulated by andro- 
gens (82). Furthermore, treatment of female DBA/2 
mice with testosterone leads to an enhanced transcrip- 
tional activity of the Ren-2 gene in the submandibular 
gland (87), whereas treatment of young female 
TGR(mREN2)27 rats with testosterone has been shown 
to increase blood pressure to the levels of males (2). 
These findings indicate that androgens influence blood 
pressure by affecting Ren-2 gene expression. Peters et 
al. (59) demonstrated that most of the prorenin, as well 
as a substantial part of renin, in the circulation of 
TGR(mREN2)27 rats is of transgene origin. Therefore, 
androgen-stimulated Ren-2 gene expression may ac- 
count for higher prorenin levels in male transgenic 
rats. Relatively higher levels of ANG I and ANG II in 
male than in female TGR(mREN2)27 rats may result 
from enhanced kinetics between rat angiotensinogen 
and mouse renin (81). 



Tissue- Specific Phenotypic Characteristics 

The transgene is expressed in a large number of 
tissues, with the highest expression found in adrenal 
gland, thymus, brain, and gastrointestinal and urogeni- 
tal tracts, whereas Ren-2 gene expression in the kidney 
is low (51, 92). Comparison of the Ren^l gene expres- 
sion pattern between DBA/2 mice and transgenic rats 
demonstrates maintenance of correct tissue specificity 
except for the submandibular gland, where no Ren-2 
transcripts were detectable in the transgenic rat de- 
spite high expression in the mouse (51, 92). This is most 
likely due to the presence of trans-acting factors in the 
murine submandibular gland, because the transgene 
includes 5' -flanking sequence elements that have been 
shown to confer tissue-specific expression of a reporter 
gene in mice lacking an endogenous Ren-2 gene in their 
genome (72). Because Ren-2 gene expression occurs in 
tissues in which low renin expression is observed in 
normal rats, overexpression of the transgene, rather 
than ectopic expression, may lead to activation or 
interference with preexistent local RAS. This renders 
TGR(mREN2)27 rats a suitable model for studying the 
regulation of renin gene expression and its role in 
cardiovascular disease at these sites. 

Adrenal gland. The adrenal gland is the major site of 
Ren-2 gene expression in the transgenic rat (3, 51, 91). 
Overexpression of the transgene is accompanied by an 
increased mineralocorticoid excretion in young animals 
during the phase of hypertension development (66). 
Because the circulating RAS, a major stimulator of 
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Fig. 3. Plasma renin and prorenin in 
female (A, C) and male (£, D) heterozy- 
gous transgenic (tg) and control rats 
(co) from 5 to 27 wk of age determined 
by indirect radioimmunoassay at pH 
7.2 and after trypsin activation, respec- 
tively. Plasma converting enzyme activ- 
ity (CE) in female (E) and male (F) 
heterozygous TGR(mREN2)27 rats. Val- 
ues are means ± SD; n - 10/group. P < 
0.005 or 0.0005 at all time points for 
comparison of renin and prorenin be- 
tween transgenic and control animals. 
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aldosterone release, is suppressed, an activated adre- 
nal RAS might be responsible for the enhanced steroid 
metabolism. Indeed, in addition to adrenocorticotropic 
hormone and potassium, ANG II functions as a major 
regulator of steroid synthesis in the adrenal cortex, and 
it is increased in the adrenal gland of TGR(mREN2)27 
rats (10, 39, 50). Furthermore, renin has been localized 
in mitochondrial dense bodies where steroidogenesis 
takes place, suggesting that locally produced ANG II 
may mediate the stimulation of basal aldosterone syn- 
thetase expression in the adrenal cortex of TGR(m- 
REN2)27 rats (63, 67). Sodium restriction in transgenic 
rats was shown to selectively stimulate adrenal renin 
and to increase aldosterone synthesis, whereas the rise 
in plasma and renal renin was blunted compared with 
SD rats (64). This stimulation was abolished by ATi 
receptor blockade, indicating that mineralocorticoid 
synthesis in the transgenic rat is mediated by the ATi 
recptor (85). Renin and prorenin are secreted by iso- 



lated glomerulosa cells and are mainly of transgene 
origin, as demonstrated by immunoprecipitation with a 
mouse renin-specific antibody (59). The adrenal gland 
also appears to be the major source for circulating 
prorenin, because adrenalectomy caused a sustained 
decrease in plasma prorenin (3, 80). Moreover, ANG II 
has been demonstrated to stimulate secretion of renin, 
but not prorenin, in vitro. This implies different regula- 
tory mechanisms for renin and prorenin secretion and 
indicates that adrenal renin is not subject to a negative 
feedback control by ANG II (59). The observation that 
the adrenal RAS is activated suggests that increased 
sodium and water retention due to oversecretion of 
mineralocorticoids may be responsible for hypertension 
in TGR(mREN2)27 rats. However, treatment with an 
aldosterone antagonist does not reduce or prevent 
hypertension, providing evidence that mineralocorti- 
coids are not the major pathogenetic factor in the 
development of hypertension in TGR(mREN2)27 rats 
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Fig. 4. Plasma angiotensin I (ANG I), 
angiotensin II (ANG II), and angioten- 
sinogen (AOGEN) in female (A, C, 
and E) and male (B, D, and F) hetero- 
zygous transgenic (tg) and control (co) 
rats. Values are means ± SD; n = 
10/group. *P < 0.05 and **P < 0.005 
vs. control. 
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(66). This raises the possibility that other tissues that 
overexpress renin, such as heart, vasculature, or brain, 
may contribute to the hypertensive phenotype by yet 
undefined mechanisms. 

Heart and vasculature. Growing evidence supports 
the existence of a self-contained cardiac angiotensin 
system that may be involved in adaptive processes 
associated with cardiac hypertrophy (45). Modulation 
of the expression of components of the RAS, such as 
converting-enzyme, angiotensinogen, and ANG II recep- 
tors, has been demonstrated in several models of 
cardiac overload (45, 76), Cardiac renin expression has 
also been demonstrated, albeit at very low levels (18, 
58). Isolated cardiomyocytes have been shown to re- 
lease ANG II in response to mechanical stretch (65). 
Furthermore, ANG II has been demonstrated to exert 
growth-promoting effects on isolated chicken myocytes 
(5) and to induce expression of protooncogenes in 
smooth muscle cells in vitro (53). Expression of protoon- 
cogenes is thought to be one mechanism by which 
reprogramming of cardiac gene expression in response 
to chronic volume overload is achieved (31, 68). Recruit- 



ment of the cardiac RAS may thus play an important 
role in pathogenesis of cardiac hypertrophy. 

In the transgenic rats, the Ren-2 gene is also ex- 
pressed in the heart and the vasculature, and this 
expression is accompanied by increased tissue concen- 
trations of ANG II (10, 39, 92). Furthermore, Hilgers et 
al. (26) demonstrated an enhanced synthesis and re- 
lease of ANG I and ANG II in isolated perfused hind- 
limbs of nephrectomized transgenic rats, an experimen- 
tal setting where blood-borne renin cannot contribute 
to angiotensin biosynthesis. Transgenic rats develop 
pathomorphological changes of the cardiovascular sys- 
tem such as myocardial hypertrophy, which is accompa- 
nied by an increase in connective tissue and perivascu- 
lar fibrosis (3). Vascular alterations include increased 
media thickness and hypertrophied smooth muscle 
cells of the aorta, as well as an increased media-to- 
lumen ratio without vascular growth of the mesenteric 
vasculature, which is consistent with remodeling (3, 
79). In addition, functional and biochemical changes 
similar to those observed in human heart failure have 
been described in TGR(mREN2)27 rats, including down- 
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regulation of p-adrenergic receptors accompanied by a 
reduced positive inotropic response to isoproterenol (9, 
78), as well as an increased expression of the gap- 
function protein, Connexin 40, the stimulation of which 
is thought to be a compensatory mechanism to increase 
conduction velocity (7). Moreover, endothelium-depen- 
dent contraction in response to the L-arginine analogue 
nitro-L-arginine methyl ester (l-NAME) in coronary 
arteries of transgenic rats is decreased, suggesting a 
reduced basal endothelial-derived nitric oxide release 
(83). 

The question as to whether these changes are solely 
due to the elevated blood pressure, or whether local 
activation of the RAS is an independent factor contrib- 
uting to the cardiovascular pathology in this model, 
remains uncertain. Enhanced local formation of ANG 
II, however, is consistent with an activated cardiac and 
vascular RAS, supporting the notion of its pathogenetic 
relevance in the transgenic rat. Cardiac dysfunction in 
TGR(mREN2)27 rats is more pronounced than in SHR, 
which exhibit a similar hemodynamic phenotype with 
regard to onset and degree of hypertension (57). More- 
over, specific inhibitors of the RAS, such as converting- 
enzyme inhibitors or ANG II receptor antagonists, are 
capable of inducing regression of heart hypertrophy, 
even at low doses that only cause a slight reduction in 
blood pressure, whereas direct vasodilators fail to 
exhibit similar cardioprotective effects despite efficient 
blood pressure reduction (4, 8, 39). 

Kidney. Despite the presence of an additional renin 
gene in the genome of TGR(mREN2)27 rats, renin 
activity in the kidney is markedly reduced (51). Whereas 
suppression of the endogenous rat renin gene is similar 
in hetero- and homozygous transgenic rats, Ren-2 gene 
expression is higher in homozygous animals and, there- 
fore, transgene dose dependent (39). Interestingly, re- 
nal ANG II content is reduced in heterozygous animals 
compared with controls, whereas in homozygous ani- 
mals it is unchanged or even increased, correlating 
with renal Ren-2 gene expression (10, 39). Thus renal 
ANG II, which appears to be inappropiately high at 
least in homozygous transgenic animals, may result 
from enhanced kinetics between mouse renin and rat 
renal angiotensinogen (81). Because intrarenal ANG II 
has been shown to exert a negative regulatory influence 
on renin expression (32), locally generated ANG II in 
the transgenic rat may participate in the suppression of 
the endogenous renin gene independently of blood 
pressure. 

The role of the kidney in the development and 
maintenance of hypertension is well established, and 
several lines of evidence indicate that an intrarenal 
RAS is an important regulator of renal hemodynamics 
and function (42). TGR(mREN2)27 rats exhibit func- 
tional and structural changes of the kidney that are 
commonly observed in hypertension, such as a shift of 
the pressure-natriuresis relationship toward higher 
arterial pressure, reduced glomerular filtration rate, 
and albuminuria. The albuminuria appears as early as 
8 wk of age and is associated with glomerulosclerosis (3, 
22, 75). ANG II is a powerful modulator of sodium 



reabsorption and has recently been shown to upregu- 
late proximal tubule expression of the AT! receptor (12). 
Therefore, elevated tubular sodium reabsorption that 
accompanies the resetting of the pressure-natriuresis 
response toward higher levels of renal perfusion pres- 
sure may be attributed to locally generated ANG II in 
the kidney in TGR(mREN2)27 rats (22). In addition, a 
study on the tubuloglomerular feedback mechanism 
suggests an increased responsiveness in the transgenic 
rat, which was attenuated to a greater extent after AT! 
receptor blockade than after mechanical reduction of 
renal perfusion pressure (46). This observation indi- 
cates that the increased tubuloglomerular feedback 
responsiveness is ANG II dependent. 

ANG II receptor blockade, but not the combined 
regimen of reserpine, hydrochlorothiazide, and hydrala- 
zine, has been shown to limit glomerular injury in rats 
with reduced renal mass, implying that remnant glo- 
merular function and structure depend on reduction of 
ANG II activity (38). Similarly, antihypertensive treat- 
ment with inhibitors of the RAS, but not hydralazine, is 
capable of halting the progression of glomerulosclerosis 
in TGR(mREN2)27 rats (8, 39), suggesting that these 
structural alterations may not solely be hypertension 
related, but primary events caused by interference or 
activation of the renal RAS because of the presence of 
the transgene. 

Central and peripheral nervous system. Expression of 
the transgene in the brain of TGR(mREN2)27 rats is 
already present in newborn animals and appears to be 
developmentally regulated. In the hypothalamus, Ren-2 
gene expression persists in adult animals, whereas it is 
downregulated in the medulla oblongata (92). This is 
accompanied by a marked elevation of ANG II in the 
brain of transgenic rats, indicating the presence of an 
activated RAS and suggesting a role for the central 
nervous system in the pathogenesis of hypertension in 
this strain (10, 69). In normal rats, angiotensinogen, 
the only known substrate for renin, is highly expressed 
in glial cells (60). Likewise, converting-enzyme and 
ANG II receptors have been readily demonstrated, 
whereas renin, the cellular localization of which is 
unknown, is minutely expressed within the central 
nervous system (1, 17). 

ANG II is an important modulator of the sympathetic 
nervous system and is involved in the regulation of 
thirst and the release of vasopressin (60). Although an 
enhanced interaction between vascular ANG II and the 
sympathetic nervous system appears to be absent in 
TGR(mREN2)27 rats (27), central modulation of sympa- 
thetic tone may be one of the mechanisms by which the 
RAS in the brain participates in the hypertensive 
process. Interestingly, it has been demonstrated that 
the hypertensive effect, as well as the central vasopres- 
sin release in response to centrally administered ANG 
II in transgenic rats, is absent (48). Furthermore, the 
central distribution of vasopressin has been shown to 
be altered in TGR(mREN2)27 rats, suggesting an inter- 
action between the central RAS and the vasopressin 
axis (48). Moriguchi et al. (48) demonstrated that 
mtracerebrovascular administration of an ANG II- 
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specific antibody led to a decrease, whereas application 
of an ANG-Q — 7) antibody led to an increase, in blood 
pressure in TGR(mREN2)27 but not in SD rats, suggest- 
ing opposing actions of ANG II and ANG-(1— 7) in the 
brain of transgenic rats and supporting the contention 
of central ANG II in the pathogenesis of hypertension 
in the transgenic rat (49). Whether altered circadian 
rhythms of blood pressure may be related to overexpres- 
sion of the transgene in the brain awaits further 
investigation (41). 

MECHANISMS OF HYPERTENSION IN TGR(mREN2)27 

TGR(mREN2)27 rats develop fulminant hyperten- 
sion from the presence of an additional renin gene in 
their genome. Several lines of evidence indicate that 
the hypertensive phenotype is indeed determined by 
the transgene and not due to an insertional mutation. 
First, all transgenic founder animals were hyperten- 
sive irrespective of the transgene insertion site within 
the genome. Second, hypertension cosegregates with 
the transgene, and, third, hypertensive transgenic rats 
respond with great sensitivity to antihypertensive treat- 
ment with converting-enyzme inhibitors or the ANG II 
receptor antagonist, indicating that hypertension is 
ANG II dependent (4, 8, 39, 51). 

One of the most striking features of TGR(mREN2)27 
is the suppression of the circulating renin, which 
appears to exclude the plasma RAS as the cause for the 
hypertensive phenotype (51). High expression of the 
transgene is associated not only with an increased 
renin activity but also with an enhanced local forma- 
tion of ANG II, indicating that the transgene is trans- 
lated into a functional protein (10, 26, 39, 51). Further- 
more, tissue-specific differential modulation of gene 
expression of RAS components suggests the presence of 
different regulatory and functional properties of the 
RAS at these sites (39). Local formation of ANG II in 
organs involved in cardiovascular homeostasis sup- 
ports the idea of a causal role of extrarenal RAS in the 
pathogenesis of hypertension and structural alter- 
ations, such as cardiovascular hypertrophy and glo- 
merulosclerosis. 

The transgenic rat, therefore, demonstrates in a very 
intriguing way that the RAS can be causally involved in 
the hypertensive process, even in absence of elevated 
circulating renin. This represents probably one of the 
most convincing pieces of evidence for a physiological 
significance of tissue-resident RAS and suggests that 
they may be involved in the pathogenesis of other forms 
of hypertension associated with normal or low plasma 
renin. This contention is in agreement with the com- 
monly observed lack of correlation between the antihy- 
pertensive effect of converting-enzyme inhibitors and 
plasma renin or converting-enzyme levels before and 
after treatment (84, 86). The findings in the transgenic 
rat confirm the hypothesis that plasma levels of the 
components of the RAS may not always be an appropri- 
ate indicator for the activity of the system, because they 
do not allow any conclusions as to the activity of local 
RAS. 



Another characteristic feature of the transgenic rat is 
the elevated prorenin that is mainly of mouse origin 
and, therefore, transgene derived (59). The physiologi- 
cal significance of circulating prorenin is still uncer- 
tain, and the question whether it is intrinsically active, 
or undergoes local activation in vivo, is controversially 
discussed (54). Exogenously applied prorenin is not 
activated in the circulation of SHR and monkeys but 
appears to be sequestrated and activated by the kidney 
without affecting blood pressure (29, 34). Similarly, it 
has been suggested that prorenin can be sequestrated 
from the coronary circulation in humans (73). The 
finding of prorenin-converting enzymes in rat aorta and 
kidney, as well as in human neutrophil cells (16, 77), 
has led to the hypothesis that circulating prorenin may 
be taken up locally and activated by lysosomal prote- 
ases or an acid pH milieu. Subsequent intracellular 
generation of ANG II may then influence local perfu- 
sion or exert trophic effects on the vascular wall. 
Interestingly, a recently established new transgenic rat 
strain, which harbors the Ren-2 gene fused to a liver- 
specific promoter, exhibits high plasma prorenin be- 
cause of hepatic secretion and develops hypertension as 
well as cardiac hypertrophy (6). Because active Ren-2 
gene-derived renin was detectable, this model suggests 
that extrarenal prorenin can be activated in vivo, 
leading to hypertension (6). However, whether high 
circulating prorenin in TGR(mREN2)27 rats merely 
represents an epiphenomenon or contributes to the 
cardiovascular phenotype requires further detailed in- 
vestigation. 

CONCLUSION AND OUTLOOK 

In summary, TGR(mREN2)27 represents the first rat 
model of hypertension in which the genetic defect is 
precisely defined. Fulminant hypertension in the pres- 
ence of suppressed plasma RAS and high renin expres- 
sion in extrarenal tissues suggests that activated extra- 
renal RAS might be responsible for the hypertensive 
phenotype. Regulated expression of the transgene in 
concert with cis- and £rans-regulatory factors appears 
to have tissue-specific effects on preexisting local RAS. 
The Ren-2 gene gives rise to a functional protein that 
leads to increased local formation of ANG II, which 
then acts on target tissues in a paracrine or autocrine 
manner. This local ANG II formation may be a key 
factor for the changes in cardiovascular morphology 
that appear to be partially independent from blood 
pressure. 

The importance of ANG II in the regulation of blood 
pressure, fluid, and electrolyte balance, as well as cardio- 
vascular growth, is well recognized. TGR(mREN2)27 rats 
overexpress renin in a number of extrarenal tissues 
that are not obviously linked with cardiovascular func- 
tion, such as thymus, and gastrointestinal and urogeni- 
tal tracts. This provides the unique opportunity to 
investigate the functional role of ANG II in these 
tissues. Among the more recent evidence for multiple 
and yet undefined functions of ANG II is the intricate 
developmental and tissue-specific regulation of the 
expression of ANG II receptors, notably the AT 2 recep- 
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tor, which is highly expressed in embryo and brain (33), 
as well as the existence of at least two converting- 
enzyme isoforms in testis and intestine, respectively, in 
addition to the endothelial isoform (14, 36). To explore 
such functions, the transgenic gain-of-function model 
should be complemented with loss-of-function models 
using homologous recombination, as recently demon- 
strated for several RAS components (74). Targeted 
disruption of the converting-enzyme gene in mice is 
associated with a slight reduction in blood pressure and 
male infertility, providing direct evidence for a role of 
angiotensin-converting enzyme in male gonadal func- 
tion (35). Two reports on the homozygous deletion of the 
AT 2 receptor gene in mice describe changes in explor- 
atory behavior as well as neurophysiological param- 
eters, such as body temperature and algesia (25, 30). 
These findings further illustrate the wide spectrum of 
the functional properties of ANG II. In addition, mu- 
tant mice lacking the AT 2 receptor show an increased 
pressure response to ANG II, suggesting mutually 
counteracting hemodynamic effects between the AT 2 
and the AT 2 receptors (25, 30). 

Although TGR(mREN2)27 rats provide a large 
amount of information on the role of the RAS in 
cardiovascular disease, they cannot be considered as a 
genuine model of human hypertension, which is poly- 
genic in nature. They do provide, however, a sophisti- 
cated approach to analyze phenotypic consequences of 
defined genetic alteration in an in vivo system. Despite 
the fact that the exact mechanisms underlying the 
phenotype are still uncertain, the transgenic rat para- 
digmatically demonstrates that alterations within ex- 
trarenal RAS may result in a phenotype characterized 
by hypertension and pathological changes within the 
cardiovascular system. Therefore one may speculate 
that similar alterations in extrarenal renin under yet 
undefined physiopathological circumstances may also 
be of relevance for some forms of human hypertension. 
Enhancing our knowledge regarding the transgenic rat 
may ultimately lead to a better understanding of the 
mechanisms by which the RAS contributes to the 
pathogenesis of hypertension, providing the basis for 
future studies in humans. 
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ABSTRACT The serious shortage of human organs avail- 
able for transplantation has engendered a heightened interest 
in the use of animal organs (xenografts) for transplantation. 
However, the major barrier to successful discordant xenoge- 
neic organ transplantation is the phenomenon of hyperacute 
rejection. Hyperacute rejection results from the deposition of 
high-titer preformed antibodies that activate serum comple- 
ment on the luminal surface of the vascular endothelium, 
leading to vessel occlusion and graft failure within minutes to 
hours. Although endogenous membrane-associated comple- 
ment inhibitors normally protect endothelial cells from autol- 
ogous complement, they are species restricted and thus confer 
limited resistance to activated xenogeneic complement. To 
address the pathogenesis of hyperacute rejection in xenotrans- 
plantation, transgenic mice and a transgenic pig were engi- 
neered to express the human terminal complement inhibitor 
hCD59. High-level cell surface expression of hCD59 was 
achieved in a variety of murine and porcine cell types, most 
importantly on both large vessel and capillary endothelium. 
hCD59-expressing porcine cells were significantly resistant to 
challenge with high-titer anti-porcine antibody and human 
complement^ These experiments demonstrate a strategy for 
developing a pig-to-primate xenogeneic transplantation model 
to test whether the expression of a human complement inhibitor 
in transgenic pigs could render xenogeneic organs resistant to 
hyperacute rejection. 



The lack of effective therapies aimed at eliminating antibody- 
and complement-mediated hyperacute rejection presents a 
major barrier to the successful transplantation of discordant 
animal organs into human recipients (1-6) and has precluded 
the development of animal models aimed at evaluating the in 
vivo cellular immune response to discordant xenografts. Old 
World primates, including humans, have high levels of pre- 
existing circulating natural antibodies that predominantly 
recognize carbohydrate determinants expressed on the sur- 
face of xenogeneic cells from discordant species (2-6). Re- 
cent evidence indicates that most of these antibodies react 
with the carbohydrate epitope, Gal(al-3)Gal (7), an epitope 
absent from Old World primates because of a lack of the 
functional a-l,3-galactosyltransferase enzyme (8). There- 
fore, after transplantation of a vascularized xenogeneic donor 
organ into a primate recipient, the massive inflammatory 
response that ensues from natural antibody activation of the 
classical complement cascade leads to activation and de- 
struction of the vascular endothelial cells and ultimately of 
the donor organ within minutes to hours after revasculariza- 
tion (2-6). Endogenously expressed membrane-associated 
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complement regulatory proteins normally protect endothelial 
cells from autologous complement. However, the activity of 
these complement inhibitors is species restricted. This prop- 
erty makes them relatively ineffective at inhibiting xenoge- 
neic serum complement (9, 10). The demonstration that a 
human complement inhibitor could protect a xenogeneic cell 
from human complement-mediated lysis showed that it was 
possible to inhibit human anti-porcine hyperacute rejection in 
in vitro models (11). 

The strategy used to address the pathogenesis of hypera- 
cute rejection in the porcine-to-primate xenotransplantation 
model was to produce transgenic swine expressing high levels 
of the human terminal complement inhibitor hCD59. hCD59 
is an 18- to 20-kDa glycosyl-phosphatidylinositol-anchored 
cell surface glycoprotein that is expressed in a variety of 
tissues of both hematopoietic and nonhematopoietic lineage 
and functions to inhibit formation of the membrane attack 
complex by binding to membrane C5b-8 and C5b-9 (9, 10). 
Stable expression of hCD59 on xenogeneic cells in vitro 
protected the cells from human complement-mediated cell 
lysis (12-14) and the level of protection was directly propor- 
tional to the number of molecules of hCD59 expressed on the 
surface of the xenogeneic cell (14). Importantly, hCD59- 
expressing porcine aortic endothelial cells were resistant not 
only to cell lysis but also to complement-mediated formation 
of a procoagulant surface when challenged with either human 
or baboon serum (15). Taken together, these results indicated 
that high-level expression of hCD59 could provide porcine 
tissue with significant protection from human serum com- 
plement in a xenotransplantation setting. Therefore, hCD59 
was chosen as a candidate molecule for production of trans- 
genic swine resistant to human complement. In this report, 
we demonstrate the successful production of a transgenic pig 
expressing high levels of hCD59 that protect the pig cells from 
human complement-mediated cell lysis. 

MATERIALS AND METHODS 

//2tf*-hCD59 DNA Construct, Purification, and Microin- 
jection. A hCD59 cDNA was directionally cloned into exon 
1 of the murine H2K b -gene 12 nucleotides downstream of the 
transcriptional start site. Briefly, the hCD59 cDNA fragment 
was excised from a hCD59-pcDNAI-Amp (pcDNAI-Amp; 
Invitrogen) expression plasmid by digestion with Hindlll, 
followed by enzymaticaily filling in the 5' 4-nucleotide over- 
hang with T4 DNA polymerase and dNTPs. Subsequently, 
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the DNA was digested with Not I at the 3' end of the multiple 
cloning site of the vector to yield a 452-bp cDNA fragment. 
The 9.0-kbp EcoRl H2K b genomic restriction fragment (16) 
cloned into pGEM7Z (Promega) was digested with Nru I and 
Not I, resulting in the removal of 51 nucleotides from the 
H2K b gene including the ATG start codon. The hCD59 cDN A 
was then directionally ligated into the H2K b gene in the 
pGEM7Z vector. 

Purification of the H2K b -\\CD59 DNA for embryo injec- 
tion was accomplished by digesting the plasmid with Xho I to 
remove the vector sequences followed by agarose gel elec- 
trophoresis, electroelution, and Elutip purification (Schlei- 
cher & Schull). Transgenic mice were produced by pronu- 
clear microinjection of murine ova as described (17). Ten of 
60 offspring were identified as transgenic founder animals by 
DNA slot blot hybridization (18) (data not shown). Trans- 
genic swine were generated by porcine embryo injection (19). 
A total of 18 piglets were analyzed by DNA slot blot analysis 
of genomic DNA (18). One founder animal, H2K b -hCD59 
153-2, contained 10-20 copies of the H2K b -hCD59 DNA. 
Two additional founder animals, H2K b -hCD59 152-1 and 
H2K b -hCD59 152-2, contained ~1 copy of the H2 K b -hCD59 
DNA and exhibited no expression or very low and inconsis- 
tent levels of expression in peripheral blood mononuclear 
cells (PBMCs) (data not shown). These animals were not 
analyzed further. 

Cell Culture, Immunofluorescence, and Immunohistochem- 
istry. PBMCs from transgenic and negative littermate control 
pigs were purified from whole blood by Ficoil gradient 
centrifugation (ref. 20, pp. 7.1.1-7.1.2). Adherent monocytic 
mononuclear cells were cultured in Dulbecco's modified 
Eagle's medium/15% fetal bovine serum. PBMCs from trans- 
genic mice and negative littermate control animals were 
purified from whole blood by ACK lysis (Biofluids, Rock- 
ville, MD). Indirect immunofluorescence of porcine PBMCs 
was performed with the anti-hCD59 mouse monoclonal an- 
tibody (mAb) MEM-43 (Biodesign International, Kenneb- 
unkport, ME) and with the anti-swine leukocyte antigen 
(SLA) class I mAb PT85A (VMRD, Pullman, WA). Indirect 
immunofluorescence of murine PBMCs was performed with 
polyclonal antisera specific for hCD59 (P. Sims, Blood Re- 
search Institute, Milwaukee). Goat anti-rabbit IgG (polyclo- 
nal sera; Zymed) or goat anti-mouse IgG (monoclonal sera; 
Zymed) fluorescein isothiocyanate (FITC)-conjugated anti- 
sera were used to detect specific antibody binding to the cell 
surface. Cell surface expression was then measured by flow 
cytometry on a Becton Dickinson FACSort. 

The cytokine inducibility of H2K b -hCD59 and the endog- 
enous porcine SLA class I molecule was tested on adherent 
peripheral blood monocytes. Briefly, porcine cytokine- 
conditioned medium supernatants were produced from con- 
trol pig PBMCs. PBMCs harvested from a control pig were 
stimulated with phytohemagglutinin (PHA; 5 fig/ ml) for 48 h. 
PHA-conditioned media were collected and treated with 10 
mM methyl a-mannoside and filter sterilized. Human recom- 
binant tumor necrosis factor a (hrTNF-a; Collaborative 
Biomedical Products, Bedford, MA) was used at 500 units/ 
ml. Adherent peripheral blood monocytes were then treated 
with medium alone, 50% PHA-conditioned medium (diluted 
1:1 with complete medium), 50% PHA-conditioned medium/ 
hrTNF-a, or hrTNF-a for 24 h. Cytokine-induced expression 
of hCD59 and SLA class I was detected by immunofluores- 
cence and fluorescence-activated cell sorter analysis as de- 
scribed above. 

Immunohistochemistry was performed on fresh frozen 
sections embedded in Tissue-Tek OCT compound (Miles). 
Tissue sections (5-10 /xm) were processed as described (ref. 
20, pp. 5.8.1-5.8.2). Sections that were double stained were 
processed simultaneously with the mouse anti-hCD59 mAb, 
MEM-43 (20 /x-g/ml), and the anti-type IV collagen rabbit 
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polyclonal antiserum (21) (1:50 dilution). Fluorochrome- 
conjugated goat anti-mouse IgG and goat anti-rabbit IgG 
antisera were used to detect specific antibody interactions 
with the hCD59 antigen (goat anti-mouse rhodamine; AMAC, 
Westbrook, ME) and type IV collagen antigen (goat anti- 
rabbit FITC; Zymed). 

Complement-Mediated Dye Release Assays. PBMCs or pe- 
ripheral blood adherent cells were labeled with the intracel- 
lular dye Calcein AM (Molecular Probes). The cells were 
subsequently incubated with anti-porcine blood cell IgG (2 
mg/ml) (Intercell Technologies, Hopewell, NJ) followed by 
incubation in increasing concentrations of human whole 
serum (Sigma) at 37°C for 30 min. Dye released from the cells 
was determined by flow cytometry on a Becton Dickinson 
FACSort. The C5b-9-specific dye release was calculated as 
percentage of total, correcting for nonspecific dye release and 
background fluorescence measured on identically matched 
controls without the addition of serum. Antibody blocking 
experiments were performed by the complement-mediated 
dye release assay as described above with the following 
exceptions. The cells were incubated in 20% C8-deficient 
serum (C8d; Quidel, San Diego) at 37°C for 30 min after 
anti-porcine blood cell antibody activation. The cells were 
then incubated with hCD59 polyclonal antiserum (100 tig/nd) 
or anti-SLA class I antiserum PT85A (100 fig/ml). Purified 
human C8 (Quidel) and C9 (Quidel) complement components 
were then added in increasing concentrations and incubated 
at 37°C for 30 min. Dye released from the cells was detected 
by flow cytometry on a Becton Dickinson FACSort as 
described above. 

RESULTS 

Transgenic Expression. To achieve expression of the trans- 
gene-encoded hCD59 we engineered a murine major histo- 
compatibility complex (MHC) class I gene, H2K b (16), to 
control the expression of a hCD59 cDNA, H2K b -hCD59 
(Fig. 1). The MHC class I gene is ubiquitously expressed on 
most somatic cells and, most importantly, is a predominant 
endothelial cell surface antigen (22, 24). In addition, the MHC 
class I promoter contains cis-acting regulatory elements that 
bind cytokine-inducible trans-acting factors, resulting in up- 
regulation of the class I gene upon stimulation with interferon 
(IFN)-a//3, IFN-y, and TNF-a (22-25). A hCD59 cDNA was 
cloned into exon I of H2K b and results in a transcript that 
initiates at the H2K b transcriptional start site and proceeds 
through both the cDNA insert and the entire transcriptional 
unit of the H2K b gene. Translation initiates at the ATG codon 
of the inserted cDNA and terminates at the cDNA stop 
codon. The rest of the H2K b gene remains untranslated and 
functions only in RNA processing, providing the cDNA with 
a genomic structure that contains all the regulatory elements 
required for H2K b expression (22-25). 
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Fig. 1. H2K b genomic cassette. A linear representation of the 
hybrid gene construct detailing the exon-intron structure of H2K b 
and the insertion of the hCD59 cDNA into exon 1. 
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The efficacy of the H2K b -\\CD59 genomic expression 
construct in directing cell surface expression of hCD59 in 
various tissues was tested in transgenic mice and pigs. Initial 
analysis demonstrated that the H2K b -hCD59 genomic con- 
struct directed the expression of hCD59 on the surface of 
PBMCs in several founder transgenic mice and transgenic pig 
153-2 (Fig. 2 A and B, respectively). Importantly, expression 
of hCD59 on the surface of the porcine mononuclear cells 
paralleled that of SLA class I (Fig. IB). The comparable 
expression of hCD59 to SLA class I indicated that the murine 
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Fig. 2. Cell surface expression of hCD59 in transgenic mice and 
a transgenic pig. (A) Expression of hCD59 on murine PBMCs 
detected in transgenic mice H2K b -CD59-ll (curve a), H2K b ~ 
CD59-23 (curve b), H2K b ~CD59-21 (curve c), and a negative litter- 
mate control (curve d). (B) Cell surface expression of hCD59 and 
SLA class I detected on porcine PBMCs. Curve a, hCD59 expression 
in transgenic pig H2K b -hCD59 153-2; curve b, SLA class I expres- 
sion in transgenic pig H2K b -hCD59 153-2; curve c, negative litter- 
mate control PBMCs incubated with the hCD59 mAb. (C) Cytokine- 
induced cell surface expression of hCD59 on cultured adherant 
PMBCs from pig H2K b -hCD59 153-2; goat-anti-mouse FITC control 
antisera (curve a); hCD59 expression on uninduced cells (curve b); 
hrTNF-a (curve c); PHA conditioned medium (curve d); PHA 
conditioned medium + hrTNF-a (curve e). (D) Cytokine-induced cell 
surface expression of SLA class I on cultured adherent PBMCs from 
pig #2*MiCD59 153-2; goat-anti-mouse FITC control antiserum 
(curve a); uninduced cells (curve b); hrTNF-a (curve c); PHA 
conditioned medium (curve d); PHA conditioned medium + 
hrTNF-a (curve e). 
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H2K b -hCD59 chimeric gene was constitutively regulated, 
similar to the endogenous porcine SLA class I molecules. To 
establish whether the #2A'MiCD59 chimeric gene exhibited 
cytokine inducibility comparable to the endogenous SLA 
class I gene, we cultured adherent monocytic PBMCs. In- 
terestingly, after prolonged culture, these monocytes had 
downregulated cell surface expression of both SLA class I as 
well as the hCD59 transgene-encoded protein (compare Fig. 
25, curve b, to Fig. 2D, curve b for class I and Fig. 2B, curve 
a, to Fig. 2C, curve b, for hCD59). Treatment of the trans- 
genic porcine cells with PHA-induced cytokine-conditioned 
medium, with hrTNF-a, or with a combination of the treat- 
ments resulted in an increase in hCD59 expression (Fig. 2C) 
as well as an increase in SLA class I expression (Fig. 2D). 

We next examined hCD59 expression on the endothelium 
of vascularized organs. Immunohistochemical analyses were 
performed on fresh-frozen tissue sections derived from 
hCD59 transgenic mice and pigs as well as from nontrans- 
genic littermates. Phase-contrast micrographs illustrating the 
structure of mouse myocardium are shown in Fig. 3 A and D. 
Tissue sections from three founder mice were analyzed for 
hCD59 expression. Mouse hearts were incubated with anti- 
collagen type IV polyclonal antisera to detect basement 
membrane structures underlying the endocardium as well as 
intramyocardial capillary endothelia (21). Fig. 3 B and F, 
respectively, confirmed equivalent collagen staining in the 
negative littermate control and a representative hCD59 trans- 
genic mouse, H2K b -hCD59-8. In contrast, staining with a 
mAb specific for hCD59 revealed intense cell surface expres- 
sion on endothelial cells in the heart of transgenic mouse 
#2/s:MiCD59-8 (Fig. 3F) and an absence of hCD59 expres- 
sion in the negative littermate control (Fig. 3C). Fig. 3F 
dramatically highlights the expression of hCD59 on vascular 
structures and clearly shows high-level expression of hCD59 
on the endocardium in the ventricular chamber. Abundant 
hCD59 was also detected on capillary vessels within the 
myocardium (Fig. 3F). All three founder transgenic mice 
analyzed revealed hCD59 staining on the endocardium and 
capillary endothelium. To evaluate vascularized structures in 
the transgenic pig without having to sacrifice the founder 
animal, tail sections were prepared and analyzed by immu- 
nohistochemistry as described for the mice. Phase-contrast 
micrographs illustrate the morphological structure of a tail 
artery from a negative control pig (Fig. 4A) and a tail artery 




Fig. 3 . Double-label immunofluorescence microscopy of hCD59 
and type IV collagen on murine heart tissue from a H2K b -hCD59 
transgenic mouse and a negative littermate control. Phase-contrast 
micrographs of murine ventricular myocardium (A and D). L, lumen 
of the left ventricle lined by endothelial cells. (B and E) Immuno- 
fluorescence micrographs detecting type IV collagen (fluorescein) of 
the same myocardial sections illustrating basement membrane struc- 
tures underlying the endocardium. Immunofluorescence micro- 
graphs (rhodamine) of the same myocardial sections detecting hCD59 
in a negative littermate control (C) and ffi*MiCD59-8 (F). (x400.) 
(Bar = 25 fim.) 
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Fig. 4. Immunofluorescence microscopy of hCD59 on swine tail 
sections from pig H2K b -hCD59 153-2 and a negative littermate 
control. (A) Phase-contrast micrograph of a dermal artery from the 
negative littermate illustrating the lumen (L), the endothelial cell layer 
(arrow), and the tunica media (m). (B) Immunofluorescence micro- 
graph (rhodamine) of the same section pictured in A, illustrating the 
lumen, the endothelial cell layer, and the tunica media. (C) Phase- 
contrast micrograph of a dermal artery from pig #2X^-hCD59 153-2, 
illustrating the lumen, the endothelial cell layer, and the tunica media. 
(£>) Immunofluorescence micrograph (rhodamine) of the same section 
pictured in C, illustrating the lumen, the endothelial cell layer, and the 
medial smooth muscle cells (m). (£) Phase-contrast micrograph of a 
dermal microvessel from pig H2K b -hCD59 153-2, illustrating the 
lumen and the vessel wall. (F) Immunofluorescence micrograph 
(rhodamine) of the same section pictured in E, illustrating the lumen, 
and an abundance of KCD59 expression. (x400.) (Bar = 25 fim.) 

and small vessel from the transgenic founder pig 153-2 (Fig. 
4 C and E, respectively). High-level hCD59 expression was 
observed on a variety of tissue and cell types, including 
fibroblasts, epithelial cells, vascular endothelial cells, and 
smooth muscle cells within the tail section of the transgenic 
pig (Fig. 4 D and F) but not in the negative littermate (Fig. 
4B). Not all tissue in the transgenic pig tail section revealed 
hCD59 staining; however, tissues such as striated muscle are 
known to express very low levels of the class I antigen and 
therefore would not be expected to express the class I-reg- 
ulated hCD59 transgene (24). These analyses confirmed that 
the H2K b -hCD59 genomic construct directed expression of 
hCD59 to a variety of cells and tissues in transgenic pig 153-2 
and, most importantly, to the surface of vascular endothelial 
cells. 

Complement Resistance. To determine whether the high 
levels of transgene expression observed on the transgenic pig 
cells conferred significant protection from human comple- 
ment-mediated attack, functional analyses were performed 
on hCD59-expressing porcine PBMCs collected from trans- 
genic pig 153-2 and a nontransgenic littermate control. The 
data clearly demonstrated that hCD59-expressing porcine 
cells, but not cells from a nontransgenic littermate, signifi- 
cantly resisted human complement-mediated lysis (Fig. 5A). 
The percentage dye released from hCD59 protected cell was 
«5-fold less when compared with the amount of dye released 
from negative littermate control cells. To confirm that the 
protection observed in PBMCs was due specifically to hCD59 
expression, antibody blocking experiments were performed. 
As shown in Fig. 5B, the anti-hCD59 polyclonal antisera 
blocked the hCD59-mediated protection, resulting in an in- 
creased susceptibility of the porcine cells to human comple- 
ment-mediated cell lysis. In contrast, the control antibody 
had no effect. 

To evaluate whether the degree of protection of porcine 
cells from human complement attack was a function of the 
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Fic. 5. Complement-mediated dye release assays on porcine 
PBMCs and cultured peripheral blood adherent cells. (A) Dye release 
assay performed on porcine PBMCs (♦), transgenic pig H2K b ~ 
hCD59 153-2; (a), negative littermate control. (B) Dye release assay 
performed on PBMCs from transgenic pig #2A" 6 -hCD59 153-2 
incubated in the presence of anu-hCD59 polyclonal antiserum (♦); 
control class I antibody PT85A (•); negative littermate control 
PBMCs incubated in the presence of anti-hCD59 polyclonal antise- 
rum (A); control class I antibody PT85A (o). (C) Complement- 
mediated dye release assays on porcine peripheral blood adherent 
cells from pig H2K b -hCD59 153-2; uninduced cells (a), PHA super- 
natants (■), PHA supernatants + hrTNF-a (a), hrTNF-a (•), and 
control negative littermate cultured peripheral blood adherent cells 
(o). 

level of hCD59 expressed on the cell surface, experiments 
were performed on the cultured monocyte lines derived from 
the H2K b -hCD59 153-2 transgenic pig, which showed in- 
creased cell surface expression in response to cytokine 
treatments (see Fig. 2). Significantly, these monocytes dem- 
onstrated increased susceptibility to human complement- 
mediated lysis, consistent with the loss of hCD59 expression 
(Fig. 5C). As previously shown, culture of these cells in the 
presence of cytokines known to induce the MHC class I 
promoter— i.e., IFN-y and TNF-a — upregulated hCD59 ex- 
pression (Fig. 2C). Importantly, upregulating hCD59 expres- 
sion restored their complement-resistant phenotype (Fig. 
5C). These results confirm that the level of transgene ex- 
pression correlates with cellular protection and also highlight 
the potential utility of the inducible H2K b promoter in the 
setting of a cytokine-mediated inflammatory response. 
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DISCUSSION 

Expression of human complement inhibitor hCD59 was es- 
tablished in transgenic mice and in a transgenic pig utilizing 
the murine MHC class I gene as a genomic expression 
cassette. The proteins encoded by the MHC class I genes 
from human (HLA), mouse (MHC), and swine (SLA) are 
expressed in most somatic cell types including the vascular 
endothelium (22, 24, 26). Therefore, a MHC class I promoter 
should direct high-level transgene expression in the endothe- 
lial cells of vascularized organs. The additional advantage to 
this genomic expression strategy is that the class I promoter 
has the capacity to upregulate hCD59 expression in response 
to the inflammatory cytokines IFN-y and TNF-a (22, 24, 25). 

We have approached the problem of complement-mediated 
hyperacute rejection during pig-to-primate xenotransplanta- 
tion by engineering the xenogeneic donor tissue with human 
complement inhibitor hCD59. The analyses of hCD59 in 
H2K b -hCD59 transgenic mice and transgenic pig 153-2 dem- 
onstrated that the H2K b -hCD59 genomic construct regulated 
the expression of hCD59 in the context of a transgenic 
genome. Cell surface expression of hCD59 was detected in a 
variety of cells and tissues, including the vascular endothe- 
lium. The assays used to determine the protective effects of 
hCD59 expressed on the transgenic cells were performed 
with human whole serum, which contains serum complement 
components, as well as high-titer natural antibodies (W.L.F. 
and S.A.R., unpublished data). In addition, anti-porcine 
lymphocyte antiserum was used to enhance the activation of 
the classical complement pathway on the surface of the target 
cell. Our data demonstrated that the level of hCD59 ex- 
pressed on the cell surface protected the xenogeneic cell even 
in the presence of additional complement-activating ihtibod- 
ies. 

The utility of blocking complement as a method to prevent 
hyperacute rejection in pig-to-primate xenotransplantation 
was demonstrated by using cobra venom factor (CVF) and 
recombinant soluble complement receptor type 1 (sCRl) 
(refs. 27 and 28, respectively). A significant delay of com- 
plement-hiediated hyperacute rejection in pig-to-primate het- 
erotopic cardiac xenotransplantation was observed with the 
administration of CVF for two consecutive days before 
transplantation (27) or with a single intravenous bolus of 
sCRl before xenograft reperfusion (28). The advantage of 
developing a transgenic donor animal expressing a human 
complement inhibitor is to provide the donor tissue with an 
endogenously expressed membrane-bound inhibitor and 
therefore does not rely on repeated administration of phar- 
macological agents. 

The successful engineering of transgenic swine expressing 
a human complement inhibitor, and the demonstration that 
cells from these animals were significantly protected from 
human complement attack, suggests that this strategy may 
represent a useful component of an overall approach to 
discordant xenotransplantation. This transgenic approach 
will hopefully make porcine-to-primate transplantation mod- 
els feasible that will allow the cellular aspects of discordant 
xenograft rejection to be evaluated. In addition, the produc- 
tion of porcine organs resistant to hyperacute rejection may 
open therapeutic windows for organ transplantation into 
humans, particularly when this technology is coupled with 
advances in cellular immunosuppressive regimens. 
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Expression of a Moloney murine leukemia virus 
(MLV) rat somatotropin fusion gene was examined 
in a transgenic pig. The fusion gene was integrated 
in a single site within the genome in a tandem array 
with approximately eight copies per cell. The inte- 
grated MLV-rat somatotropin fusion gene produced 
high levels of circulating rat somatotropin and re- 
sulted in an elevation in the circulating levels of 
insulin-like growth factor I. Although there was no 
increase in the rate of growth of the transgenic 
animal during the rapid growth phase, several phe- 
notypic changes were evident. Skeletal growth was 
markedly increased and fat deposition was reduced 
throughout the animal. Blood glucose levels were 
elevated without ketosis. Northern blot analyses of 
rat somatotropin RNA revealed that expression of 
the fusion gene was highest in the spleen, lung, 
intestine, lymph nodes, and bone marrow. These 
results show that the MLV promoter can be used to 
express high levels of biologically active rat soma- 
totropin in transgenic swine. (Molecular Endocrinol- 
ogy 2: 277-283, 1988) 



INTRODUCTION 



The transgenic mouse model has provided fundamental 
information on gene expression and regulation (1). Al- 
though transgenic mice are convenient for laboratory 
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studies, an important application of genetic manipula- 
tion in the future will be to develop the scientific and 
economic potential of transgenic livestock. In addition 
to the obvious economic benefits, transgenic domestic 
animals might provide useful models for studying hor- 
monal abnormalities. Studies with transgenic mice have 
shown that dramatic phenotypic changes can be pro- 
duced by introducing genes coding for growth-promot- 
ing proteins (2, 3). By analogy, expression of growth- 
promoting proteins in transgenic domestic animals may 
allow an improvement in growth characteristics after a 
single generation rather than the multiple generations 
required by standard livestock breeding practices. Ad- 
ditionally, these improved growth characteristics may 
not require the use of feed additives or other medica- 
tions. Experience introducing foreign genes into do- 
mestic animals has been limited, however. The only 
published report concerning the introduction of foreign 
genes into any domestic species used the mouse me- 
tallothionein promoter linked to the human somatotro- 
pin gene (4). Transgenic pigs carrying this fusion gene 
had elevated levels of circulating human somatotropin. 
However, unlike the transgenic mice that expressed 
the same gene (2), the pigs did not show a significant 
increase in growth. It is possible that the human so- 
matotropin produced by the transgenic pigs was biolog- 
ically inactive. Alternatively, the mouse metallothionein 
promoter may not be optimal for expression of foreign 
genes in transgenic livestock. Therefore, we sought to 
determine whether a viral promoter-enhancer would be 
functional and whether a rat somatotropin gene product 
would be biologically active in transgenic pigs. The 
Moloney murine leukemia virus (MLV) promoter was 
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selected because of its efficiency in gene transfer ex- 
periments in a wide variety of cultured cell lines. Addi- 
tionally, the MLV promoter was predicted to be consti- 
tutively active in vivo, obviating the need to administer 
exogenous chemical inducers to the genetically altered 
animals. Using an MLV-rat somatotropin fusion gene, 
we produced one transgenic pig which expressed high 
levels of rat somatotropin. This animal was monitored 
for phenotypic effects including growth rate, fat produc- 
tion, skeletal growth, and circulating levels of insulin- 
like growth factor-l (IGF-I). RNA was purified from tis- 
sues and used in Northern blot assays to determine the 
range of expression of the MLV promoter. 
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Fig. 1. Identification of Transgenic Swine by Dot Blot Hybridi- 
zation and Southern Blot Analysts of Genomic DNA 

A, Dot-blot from litter 308. Pig 10 contains eight copies per 
genome of the MLV-rat somatotropin fusion gene. Pigs 1 , 2, 
9, and 1 1 show only background hybridization to endogenous 
somatotropin genes; Std, two copy standard. B f Southern 
blot. Lane a, Pig 308-1 1 ; lane b, pig 308-1 0; position of H/ndlll- 
digested XDNA and Dde l-digested pUC 1 2 markers in kb pairs 
are indicated in the margin. 
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RESULTS 

A total of 100 one-cell and 70 two-cell porcine embryos 
was collected from 12 Yorkshire gilts. Approximately 2 
pi of DNA solution (1.75 ng//xl) containing the Moloney 
MLV-rat GH (rGH) fusion gene were injected into the 
male pronucleus of one-cell embryos or into the nucleus 
of a single blastomere of two-cell embryos. 

Of the 15 piglets born, one (no. 308-10) from a litter 
of four was positive for the MLV-rat somatotropin fusion 
gene. Dot blot analysis indicated that this pig contained 
approximately eight copies of the foreign gene (Fig. 1 A). 
Southern blot analysis using DNA extracted from leu- 
kocytes of the transgenic pig showed that the endog- 
enous porcine somatotropin gene is represented by an 
approximately 9-kilobase (kb) fragment in DNA digested 
with the restriction enzymes EcoRI, H/ndlll, Xbal, and 
Bc/I (Fig. 1B). Electrophoresis of the DNA fragments 
for a longer period of time indicated that the high 
molecular weight fragments obtained after restriction 
endonuclease cleavage were unique for each enzyme. 
Because the microinjected DNA fragment contains no 
internal EcoRI or Bc/I restriction sites, the additional 
high molecular weight band in the EcoRI and Bc/I 
digests indicated a single integration site into the ge- 
nome of the transgenic pig. H/ndlll digestion produced 
multiple copies of the intact 850 base pair (bp) rat 
somatotropin cDNA. Digestion with the restriction en- 
zyme Xbal resulted in an intensely hybridizing 1900-bp 
band and a lighter band of 2450 bp which probably 
represents a junctional fragment. These findings sug- 
gest that multiple copies of the MLV-rat somatotropin 
gene had integrated in a tandem array at a single site 
within the genome. 

Rat somatotropin was measured in serum samples 
by RIA to determine whether the integrated MLV-rat 
somatotropin fusion gene was transcribed and trans- 
lated. The concentration of immunoreactive rat soma- 
totropin in the transgenic pig was 510, 1300, and 500 
ng/ml at 2.5, 3.5, and 5.5 months of age, respectively 
(Table 1). These values were approximately 50-fold 
higher than in control animals of comparable age. When 
the pig was killed at 9 months of age its rat somatotro- 
pin level was 660 ng/ml. 

Despite the high circulating levels of rat somatotropin 
in the transgenic pig, we could only detect small quan- 
tities of the hormone in tissues by RIA. Consequently, 
we extracted mRNA from many of the tissues and 
performed Northern blot analyses. These studies 
showed the highest concentration of rGH mRNA in 



Table 1. Rat somatotropin (rGH) and IGF-I levels in plasma 
from the transgenic pig (308-10) and 31 control pigs 
(including samples from three negative littermates) averaged 

over 2.5 to 9 .0 months of age 

rGH (ng/ml) IGF-1 (ng/ml) 

Control 1 5.7 ± 3.39 55.8 ± 7.86 

Transgenic 742.5 ± 1 64.03 379.5 ± 24.78 

Levels are the mean ± se. 



Rat Somatot^te in a Transgenic Pig 
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Fig. 2. Northern Blot Analysis of RNA from Pig 308-10 

Ten-microgram aliquots of total RNA from each tissue were electrophoresed on a denatunng agarose gel, transferred to a nyton 
membrane, °L hybridized with a radiolabeled rGH cDNA probe. The positions of the 28 S and 18 s ribosoma I band are in^teo. 
^eTedominant hybridizing band in anterior pituitary (lane a) has an estimated size of 1200 bases, cons.sten Un s.ze w.th the 
expected polyadenylated porcine GH mRNA. Several other tissues from the transgenic pig have a major hybnd.z.ng spec.es of 
16^baseTrepresenting the rGH transcript from the MLV promoter. Aside from pituitary no GH signal was seen ,n any tissue 
from control pigs (Low, M. J., unpublished). The lanes are: a, anterior pituitary; b, sem.nal ves.de; c. testis; d, l.ver; e, thymus, f, 
lymph node; g bone marrow; h ( spleen; i, lung; j, kidney; k. adrenal; I, pancreas; m ( aorta; n, cerebral cortex; o, tendon; p. tongue; 
q, stomach; r, colon; s, jejunum; t, skin; u, skeletal muscle. 



spleen, lung, colon, and jejunum (Fig. 2). Lymph node, 
bone marrow, and kidney also contained the fusion 
gene transcripts, but to a lesser extent. "Che hybridizing 
band in the pituitary sample represents the endogenous 
1200 nucleotide porcine GH mRNA. Although we were 
not able to directly compare the levels of pituitary GH 
mRNA in this transgenic pig to that in controls, subse- 
quent studies have indicated that endogenous GH 
mRNA is decreased approximately 1 0-fold in transgenic 
1 swine expressing an MLV-porcine somatotropin fusion 
gene (Ebert, K. M., unpublished). In addition, there was 
a 10-fold decrease in the number of pituitary cells 
containing immunoreactive somatotropin in the trans- 
genic swine expressing an MLV-porcine somatotropin 
gene indicating a negative feedback effect of the ectopic 
somatotropin on endogenous somatotropin biosyn- 
thesis. A similar decrease in endogenous pituitary so- 
matotropin gene expression in transgenic mice was 
reported previously (5). The predominant band in other 
tissues has a mol wt of 1600 nucleotides due to the 
400 bases of transcribed MLV sequences between the 
LTR and rat somatotropin cDNA. 

IGF-I, a spmatotropin-dependent circulating growth 
factor, was measured in the transgenic pig as an indi- 
cator of the biological activity of the rat somatotropin. 
Serum levels of IGF-I in pig no. 308-10 were 323, 373, 
459, and 363 ng/ml at 2.5, 3.5, 5.5, and 9 months, 
respectively. These values were approximately 7 times 
that of age-matched controls (Table 1). 

Weights were determined every 2 weeks on pig no. 
308-10 and the three negative littermates. Despite the 
high levels of circulating IGF-I, the weight of pig no. 
308-10 was only slightly higher than that of the three 
normal littermates during the rapid growth phase. The 
average weights of the three normal littermates at 2.5, 
3.5, and 5.5 months of age were 27.9, 45.3, and 94.2 
kg, respectively. The corresponding weights of pig no. 



308-10 were 31.6, 48.2, and 104.5 kg, respectively. 
However, by 9 months of age no. 308-10 was 26% 
heavier (200 kg vs. 159 kg) than the normal male 
littermate, 

Clinical laboratory analysis revealed glycosuria (1000 
mg/dl) and a serum glucose level (357 mg/di) that was 
approximately 3 times the normal serum level (6). This 
elevated glucose level was consistent throughout the 
life span of the animal. Serum electrolytes and liver 
function studies were normal (data not shown). Testos- 
terone values in the transgenic pig were 6.90 and 2.29 
ng/ml at 6.5 and 9.0 months of age, respectively, and 
were considered normal. 

Although the weight of pig no. 308-10 during the 
rapid growth phase was only slightly increased, several 
phenotypic changes were evident. Radiographic anal- 
yses of the fore and hindlimbs showed increased linear 
bone growth, increased transverse diameter, and 
thinned cortices in the metacarpal bones compared to 
the three control littermates (Fig. 3). Bone age, as- 
sessed by epiphysial closure, was not altered. Addition- 
ally, the depth of backfat at age 5 months, determined 
by ultrasonography, was dramatically reduced in the 
transgenic animal, as compared to the normal male 
littermate (data not shown). Postmortem examination 
confirmed the absence of fat (Fig. 4) and revealed 
extensive joint pathology characteristic of osteochon- 
dritis dissecans (7; Fig. 5). Examination of the testes 
showed tubular atrophy and a marked reduction of 
spermatogenesis. 



DISCUSSION 

A transgenic pig containing an MLV-rat somatotropin 
fusion gene was obtained by microinjecting the gene 
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Fig. 3. Radiographic Analyses of the Right Forelimb (Frontal 
View) of Litter 308 

A, 308-1; B, 308-2; C, 308-10; D, 308-11- The x-ray of the 
transgenic male (308-10) shows an increase in the length and 
width of the metacarpal bones (3 and 4) and a decrease in the 
thickness of the cortex {arrow). Carpals (Ca) and phalanges 
(P) are also noticeably larger than in the littermates. Hindiimb 
x-rays showed essentially the same changes. 

into the male pronucleus of a porcine zygote. The gene 
appeared to be integrated into a unique site within the 
genome, consistent with observations in transgenic 
mice (1). The MLV promoter is transcriptionally active 
in pigs, as shown by the high levels of circulating rat 
somatotropin. The human somatotropin gene under the 
control of the mouse metallothionein promoter, has also 
been shown to be expressed in transgenic pigs (8). 
Unlike the metallothionein fusion genes however (9), 
the MLV-fusion gene examined in our studies was 
expressed primarily in hematopoietic tissues and a 



Fig. 4. Cross-Section through the Midlumbar Region of the 
Transgenic Pig (308-10), Top; and the Nontransgenic Negative 
Male Littermate (308-11), Bottom 

Note the dramatic decrease in the amount of backfat (ar- 
rows) in the transgenic pig. 

subset of nonhematopoietic tissues including kidney, 
lung, and intestine. This pattern of expression overlaps 
with the natural tropism of the intact retrovirus in mice. 
Little expression was detected in liver, the major site of 
metallothionein-fusion gene expression. 

Elevated levels of IGF-I were detected in the trans- 
genic pig indicating that the rat somatotropin was bio- 
logically active. This result appears to conflict with an 
earlier report suggesting that exogenous rat somatotro- 
pin given by injection is not biologically active in hy- 
pophysectomized swine (10). It is possible that this 
difference is due to the extremely high and sustained 
levels of somatotropin produced in the transgenic pig. 
Previous studies have also shown that injections of 
human, rat, and even porcine somatotropin only mini- 
mally affect weight gain during the rapid growth phase 
of swine (1 1,12). It was not surprising, therefore, that 
the transgenic pig showed a normal rate of growth 
during its rapid growth phase (2-6 months). The obser- 
vation that the transgenic pig continued to gain weight 
at a continuous rate from 2-9 months of age while the 
normal littermates decreased their rate of growth after 
6 months suggests that continuously elevated levels of 
rat somatotropin may have the potential to augment 
the growth of swine during a later phase of develop- 
ment. 

The dramatic effects of the rat somatotropin levels 
on skeletal growth and backfat indicate that major 
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Fig. 5. The Left Humeral Condyles from the Transgenic Pig 308-10 

There were several loose, white cartilage bodies on the glenoid surface {arrow), a condition that is indicative of osteochondritis 
dissecans. 

however, that the decrease in fat deposition is related 
in part to the coincidental diabetes mellitus. The in- 
crease in long bone growth and the joint pathology may 
be due to either the elevated levels of somatotropin or 
IGF-I. Similar but less dramatic osteochondritis has 
been detected in several nontransgenic animals from 
our herd at comparable age and may indicate a normal 
condition which is enhanced by elevated GH (7). Also, 
identical phenotypic changes (i.e. decreased fat depo- 
sition and joint pathology) have been noted in other 
transgenic pigs expressing an MLV-porcine somatotro- 
pin fusion gene (Ebert, K. M. t unpublished). 

Chemical profiles of the transgenic animal also show 
typical endocrine effects of high levels of somatotropin. 
Elevated blood glucose is a common feature of acro- 
megaly in humans and is thought to be due to insulin 
resistance. 

Our studies indicate that major phenotypic changes 
can be produced in transgenic livestock through 
expression of microinjected fusion genes. Overprod- 
uction of rGH in the transgenic pig led to several desir- 
able, and some clearly undesirable new traits. The full 
potential of this technology will be realized only when it 
becomes possible to precisely regulate the expression 
of the microinjected genes. 

MATERIALS AND METHODS 

Construction of the MLV-rGH Fusion Gene 

An 850 bp Hin6\\\ restriction fragment of the rat somatotropin 
cDNA containing the entire protein coding sequence (14) was 
adapted for ligation into the unique Bam HI site of the shuttle 
vector pDOL (15) downstream of the MLV 5'-LTR (Fig 6). 



Hind tit 




Fig. 6. Structure of the MLV-Rat Somatotropin (MLV-rGH) 
Fusion Gene 

An 850 bp fragment of the rat somatotropin cDNA containing 
the entire protein coding sequence was ligated into the unique 
8amHI site of the shuttle vector pDOL downstream of the 
MLV 5'-LTR. Restriction endonuclease sites used for cloning 
and Southern blot analysis are indicated. A 2.6-kb Acc) frag- 
ment indicated by the double-headed arrow was used for 
microinjection into porcine zygotes. 

phenotypic changes can occur in transgenic livestock. 
The reduction in carcass fat within the transgenic pig is 
similar to the fat depletion seen in pigs injected daily 
with porcine somatotropin (13) and is probably due to 
a direct action of somatotropin itself. It is possible, 
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Sam HI cohesive ends were obtained by initially cloning a 1470 
bp Cla\-Acc\ fragment containing the rat somatotropin cDNA 
into the plasmid pUC 12, and then isolating the rat somatotro- 
pin sequence by BamH\ digestion. In the resulting 1200-bp 
SamHI fragment, the rat somatotropin cDNA is flanked by a 
short polylinkef sequence at its 5 '-end and by 345 bp of 
pBR322 at the 3'-end. Restriction endonuclease sites used 
for cloning and Southern blot analysis are indicated in Fig. 6. 
A 2.6-kb Accl fragment was used for microinjection into the 
porcine zygotes. 

Production of Transgenic Pigs 

Twelve Yorkshire gilts were used for collection of one-cell and 
two-celt porcine embryos. The gilts were synchronized and 
superovulated with a modified feeding regime of Webel (16). 
The animals were fed a synthetic orally active progestin, 
Altrenogest (Regu-Mate, Hoechst, West Germany), at a con- 
centration of 15 mg in 1.8 kg feed/day for 9 days beginning 
on days 12-16 of the estrous cycle. Ovulation occurred ap- 
proximately 5 days after the last feeding of progestin. Giits 
were superovulated by injecting sc 2000 U PMSG (Sigma, St. 
Louis, MO) 24 h after the last feeding of Altrenogest, followed 
78 h later with an im injection of 1000 U human chorionic 
gonadotropin (hCG, Sigma). This regime produced an average 
of 28 ovulations per animal. Gilts were bred by artificial insem- 
ination with sperm from proven boars at 24, 36, and 48 h after 
injection of hCG. 

Embryos were collected from gilts under aseptic conditions 
by cannulating the ampulla region of the oviduct and flushing 
the oviduct with 10-15 ml Kreb's Ringer-Bicarbonate solution. 
The embryos were initially maintained at 30 C, then were 
transferred to Ham's F12 medium containing 10% fetal calf 
serum and were incubated at 38 C in 5% C0 2 . Before injection, 
the zygotes or two-cell embryos were centrifuged at 13,000 
x g in an Eppendorf centrifuge to visualize the pronuclei or 
nuclei, respectively. The male pronucleus or one nucleus of 
the two-cell embryo was injected with approximately 2 pi 
plasmid solution using interference contrast microscopy. The 
injection was done in a droplet of modified BMOC-2 medium 
containing HEPES salts (17). The injected zygotes were stored 
in an incubator at 38 C until transfer to a recipient female. 



DNA Ear Blot Hybridization 

DNA was extracted from an ear punch (18), quantified using 
the Hoechst dye method (19), and 1.8 pg were dotted in 
duplicate onto nitrocellulose. The dot blot was probed with a 
cDNA encoding the porcine somatotropin coding sequences 
(Mandel, G., unpublished), radiolabeled to a specific activity of 
1 0 9 cpm//ig by random hexanucleotide priming (20). This cDN A 
insert, confirmed by nucleotide sequencing (21), hybridizes 
equally well to rat and porcine somatotropin genomic se- 
quences. Two copies of the integrated gene were calculated 
to be equivalent to 0.5 pg of an 850-bp rat somatotropin cDNA 
restriction fragment. Copy number in the pigs was determined 
by scintillation counting of the DNA dot pairs and comparison 
of counts obtained from genomic DNA to the standards. A 
normal pig was assumed to contain two alleles of a single 
copy somatotropin gene. 

Southern Blot Analysis of the MLV-rGH Fusion Gene 

High molecular weight DNA was extracted from peripheral 
leukocytes (22) and 10-/xg samples were digested to comple- 
tion with the indicated restriction endonucleases. The samples 
were electrophoresed on a 0.7% agarose gel for 15 h at 50 
V, transferred by electroblotting to a Zetabind membrane, and 
prehybridized in 6x SSC, 1% sodium dodecyl sulfate, (SDS), 
and 50 Mg heparin/ml at 65 C for 1 h. 

Hybridization was performed in 6x SSC, 1% SDS, and 500 
fig heparin/ml using 1 .5 x 1 0 6 cpm porcine somatotropin cDNA 



probe/ml. The filter was washed in 0.2x SSC. 0.2% SDS at 
65 C, and autoradiographed for 24 h with an intensifying 
screen. 

Northern Blot Analysis of the rGH mRNA 

Total cellular RNA was prepared from frozen tissues by ex- 
traction in 5 m guanidine thiocyanate, 20% 0-mercaptoethanol 
(vol/vol), 10 mM EDTA, 50 mM Tris-HCI, pH 7,5, followed by 
precipitation in 4 m LiCI (23). The quality of the RNA was 
checked by ethidium bromide staining of the 28 S and 18 S 
ribosomal bands on a native agarose gel. Ten micrograms of 
total RNA were electrophoresed on a 1% agarose-formalde- 
hyde gel and transferred by electroblotting to a Zetabind 
(American Bioanalytical, Natick, MA) membrane. Prehybridi- 
zation and hybridization conditions were performed as previ- 
ously described (24). A rat somatotropin cDNA probe was 
radiolabeled as described above. The molecular weight of 
hybridizing bands was estimated from the positions of the 28 
S and 18 S ribosomal bands and an RNA ladder (Bethesda 
Research Laboratories, Gaithersburg, MD). 

RIAs 

Circulating rat somatotropin was measured by RIA according 
to Glenn (25). The cross-reactivity of the antibody with porcine 
somatotropin was 60%. Serum samples were taken at 1- 
month intervals beginning at 2 months of age until the animal 
was killed. As only one blood sample was taken at each time, 
the fluctuations in endogenous somatotropin were not consid- 
ered and blood samples from 31 control pigs including samples 
from three negative littermates were averaged over 2.5 to 5.5 
months of age for a control value. 

IGF-I was measured in the same samples using a heterol- 
ogous human IGF-I RIA as outlined by Buonomo er a/ (26). 
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